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GEOCHEMISTRY AND PETROLOGY OF THE ALKALIC IGNEOUS COMPLEX AT MAGNET
COVE, ARKANSAS

By R. L. Erickson and L. V. BLape

ABSTRACT

The Magnet Cove alkalic igneous complex together with the
surrounding contact zone has been mapped on a scale of 1:6,000.
The complex, about 4.6 square miles in area, is composed of a
series of ring dikes post-Mississippian in age that were intruded
into faulted and folded Paleozoic sedimentary rocks of the
Ouachita geosyncline.

The Paleozoic sedimentary rocks in the area are predomin-
antly shale, sandstone, and novaculite, but include minor
amounts of conglomerate and limestone. The rocks range in
age from Ordovician to Mississippian. The contact zone
ranges in width from 1,000 to 2,500 feet and is composed of
Missouri Mountain shale of Silurian age, Arkansas novaculite
of Devonian and Mississippian age, and Stanley shale of Mis-
sissippian age. Deformation of the sedimentary rocks by the
intrusion has been slight. The shales have been changed to
spotted argillite, hornfels, and gneiss. The quartz of the nova-
culite has been recrystallized and near the intrusion appears
as a friable sandstone. Except for a slight recrystallization of
the quartz, the sandstones have not been much affected.

The ring dike igneous complex has a core of ijolite and car-
bonatite, an intermediate ring of trachyte and phonolite, sn
outer ring of nepheline syenites, and two masses of jacupirangite,
one on the west edge of the complex and the other on the north-
east edge. Smaller dikes of tinguaite, trachyte porphyry,
nepheline syenite, miscellaneous trachytes, pegmatite, aplite,
gabbro, fourchite, and carbonatite, and a variety of veins are
widespread. Mineralogically, the igneous rocks of the complex
can be divided into two groups, those rocks containing feldspar
and those virtually free of feldspar. The igneous rocks con-
taining feldspar include: phonolite, various trachytes, tinguaite,
various syenites (some pegmatitic), alkalic gabbro, and aplites.
The igneous rocks that are generally free of feldspar include:
jacupirangite, sphene pyroxenite, ijolite, melteigite, fourchite,
and carbonatite.

The ecarbonatite occurs in irregularly shaped bodies in the
central part of the complex. Aggregates of apatite, magnetite,
pyrite, monticellite, perovskite, and kimzeyite (zirconium gar-
net) are scattered through a groundmass of coarse calcite.
Part of the carbonatite has weathered to porous rock composed
of residual apatite, magnetite, and perovskite in a matrix of
secondary apatite. In contact with the ijolite, the earbonatite
fluids were reactive and altered the minerals of the ijolite.

Dikes outside the complex are grouped in the following cate-
gories: pegmatite, aplite, syenite, trachyte porphyry, trachyte,
tinguaite, andesite, diorite, monzonite, and lamprophyre.

Veins of various types are found both within and outside the
complex: quartz-brookite-rutile veins, most common in the
recrystallized novaculite on the east edge of the complex; feld-
spar-carbonate veins, most common in the northern two-thirds
of the complex; and feldspar, quartz-feldspar, and fluorite veins.
Late quartz veins are associated with the carbonatite. Molyb-
denite and apatite veins are found in the carbonatite and ijolite.

Earthy monazite, apparently a weathering product of an apatite-
pyrite vein, was found in the central part of the complex.
Paramorphs of rutile after brookite are found as float throughout
the complex but are most abundant in the northern two-thirds
of the complex.

Rocks were analyzed chemically and spectrographically; some
of the minerals separated from the analyzed rocks were chemi-
cally analyzed, and all were spectrographically analyzed.
Chemically the igneous rocks are high volatile, high lime,
alkalic, and subsilicic; they include intrusive carbonatite masses
as well as the iron, titanium, zirconium, and phosphate minerals
that characterize similar alkalic rocks throughout the world.
High niobium substitution in titanium minerals and rare-
earth substitution in apatite and perovskite are also typical.
Compared to average igneous rocks, the Magnet Cove rocks
are low in 8i0,;, MgO, Cr, Ni, Co, Cu, U, and Th and high in
Al,03, Fe;0;, FeO, MnO, Ca0, BaO, Na,0, K,0, H;0+, TiO,,
CO;, P,05, Cl, F, S, Be, Sr, Sc, Y, La, Zr, V, Nb, Ga, and prob-
ably 8SO;. The oxide contents of the rocks were plotted against
Ca0 in variation diagrams.

Significant quantities of niobium in the igneous rocks and in
the associated titanium deposits are concentrated in rutile,
brookite, perovskite, sphene, garnet, aegirine, and hornblende.
The niobium content ranges from 0.11 to 6.6 percent in rutile,
0.5 to 3.2 percent in brookite, 0.37 to 4.6 percent in paramorphs
of rutile after brookite, 0.2 to 9.0 percent in perovskite, 0.1
to 0.7 percent in sphene, 0 to 0.1 percent in garnet, 0 to 0.03
percent in aegirine, and 0.007 to 0.01 percent in hornblende.

The rocks of the complex were intruded during separate but
closely related periods; however, the true age sequence is not
clear because rock outcrops are relatively scarce and deeply
weathered. The available field evidence and the writers’
prejudices after 3 years of working in the area suggest the fol-
lowing sequence from oldest to youngest: 1. phonolite and
trachyte; 2. jacupirangite; 3. alkalic syenites; 4. ijolite; 5. car-
bonatite, dike rocks, and veins.

The writers belive that the Magnet Cove complex of alkalic
igneous rocks was derived by differentiation and fractional
crystallization of a residual magma of a mafic phonolite com-
position rich in alkali, lime, and volatile constituents. The
high concentration of volatiles is belived to be of great impor-
tance in the development of the many varieties of unusual rock
types. This residual magma is believed to have been derived by
fractional crystallization from a regional undersaturated olivine
basalt magma.

INTRODUCTION

Recent studies on alkalic rock complexes, like that
at Magnet Cove, have revealed substantial resources
in such commodities as the rare earths, barite, niobium
(columbium), uranium, phosphate, and agricultural
lime.
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2 ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

In the past, the Magnet Cove Titanium Corp.
deposit has been worked for rutile; the Kimzey cal-
cite quarry for agricultural lime; and the Kimzey
magnetite pit for magnetite.

Niobium, or columbium as it is called in commerce,
is known to occur in the rutile and brookite of the
veins and in the perovskite of the carbonatite. Its dis-
tribution in the other rocks and minerals of the Magnet
Cove igneous complex, however, has not been known.

LOCATION AND SURFACE FEATURES

The Magnet Cove alkalic igneous complex and its
surrounding contact zone occupy about 8 square miles
in the northeastern part of Hot Spring County, Ark.
This heart-shaped complex is easily accessible by U.S.
Highway 270, which crosses the middle of the area in
a generally east-west direction. Hot Springs is about
12 miles west and Malvern is about 7 miles southeast
of the area; both are on U.S. Highway 270 (fig. 1).

The Magnet Cove complex lies at the east end of the
Mazarn basin of the Quachita Mountain physiographic
province. The complex is bounded on the south by
the Trap Mountains and on the north and east by the
Zigzag Mountains (fig. 4). Altitudes range from
slightly less than 340 feet in the central basin to slightly
more than 600 feet on the surrounding ridges.

Most of the central basin and other low-lying areas
are farmland or pasture. Parts of these areas are
covered with alluvium and the remaining parts are
saprolite from which most of the hard rock float has
been removed.

Most of the ridges are covered with timber or thick
brush; brambles and thorny trees are always present.
Pine trees are abundant in areas of sedimentary rock,
and deciduous trees in areas of igneous rock. Hard
rock exposures are rare. In the central basin they are
confined to one quarry, a few open pits, and a few
outcrops, mostly in stream bottoms. They are more
common on the ridges than in the basin, and are
most abundant in valley floors and walls where
streams cut the ridges. Rock float is abundant on
ridges, although in some areas much of it has been
removed by the early settlers to clear fields and to
build stone fences. The climate is warm and humid.

PREVIOUS WORK

From 1806, when Macrery (1806) first mentioned
minerals from the Magnet Cove area, to 1891 when
Williams published his classic study of the area, many
papers were published on the mineralogy of the region.
Williams (1891) summarized this earlier work, made
a detailed petrologic study of the igneous rocks, and
published the first detailed map of the area. A few
years later, Washington (1900) published a revised

version of Williams’ map. In a later paper, Washing-
ton (1901) presented additional chemical analyses and
redefined several of the rock names. The most com-
plete description of the sedimentary rocks of the region
was published by Purdue and Miser in 1923. Landes
(1931) presented a list of most of the minerals present,
discussed the structure of the igneous rocks, and offered
a theory of origin for the calcite. Parks and Branner
(1932) published a map that showed the separate
sedimentary rock units in contact with the Magnet
Cove complex.

From 1892 to 1952 individual minerals from Magnet
Cove were discussed in several papers. The minerals
and authors include: natrolite, Melville (1892); ana-
tase, Penfield (1894); monticellite, Penfield and Forbes
(1896), Kouvo (1952); magnetite, Harrington (1907);
catapleiite, Foshag (1923); astrophyllite, Gossner and
Reindl (1934); sodalite, Glass (1937), Miser and Glass
(1941); taenolite, Miser and Stevens (1938); carbonate-
apatite, McConnell and Gruner (1940); molybdenite,
Sleight (1941); hackmanite, Miser and Glass (1941);
schorlomite, McConnell (1942); and perovskite, Mur-
doch (1951).

From 1938 to 1954 many papers were published on
the individual rutile and brookite deposits. The
several authors include: Miser and Stevens (1938);
Ross (1938, 1941 Ross and Hendricks, 1945); Spencer
(1946); Holbrook (1947, 1948); Reed (1949a and b);
Kinney (1949); Fryklund (1949); Fryklund and Hol-
brook (1950); and Fryklund, Harner, and Kaiser
(1954).

SCOPE AND METHODS OF WORK

This project was designed to make a detailed petro-
logic and geochemical study of the igneous rocks at
Magnet Cove, Ark., in order to improve understanding
of the origin and geochemical environment of niobium
and associated elements. The bedrock geology was
mapped at a scale of 1:6,000 (pl. 1) in order to gain
further knowledge of the petrology, intrusive history,
and structure of the igneous complex and to determine
the relation of the complex to the surrounding sedi-
mentary rocks.

Erickson and Blade mapped the igneous complex
during the spring and fall of 1953 and 1954. Blade
added details and mapped the contact zone during
1955 and 1956.

Mapping was on an enlarged topographic base
taken from the Malvern quadrangle, and compiled by
the U.S. Geological Survey. The alidade-planetable
method was used in the cleared areas, and the pace
and compass method was used in the brush-covered
areas. Williams’ isogonic chart (1891, pl. 13), trans-
ferred to a modern base and corrected for annual
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We are indebted to N. F. Williams, Director of the
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us to log the core from four holes drilled in the carbona-
tite. The cooperation of J. W. Kimzey and other
residents of the Magnet Cove area is gratefully
acknowledged.

This investigation, as part of the niobium program
of the U.S. Geological Survey, was supported largely
by funds from the Defense Minerals Procurement

Agency.
GENERAL GEOLOGY

The Magnet Cove igneous complex, about 4.6 square
miles in area, is but one of many silica-poor igneous
complexes that intrude the folded and faulted Paleozoic
sedimentary rocks of the Ouachita geosyncline (pl. 2).

The undersaturated alkaline igneous rocks studied
in this investigation occur at the east end of a belt of
dikes and other small intrusive bodies that extend
westward to Hot Springs and intrude Ordovician to
Mississippian sedimentary rocks in the east-west
trending Mazarn synclinorium. This synclinorium
is bounded by northeastward-trending folds of the
Zigzag Mountains on the north and the east-west
trending Trap Mountain anticlinorium on the south.
This abrupt change in strike of the major structural
elements probably influenced the localization of the
igneous rocks.

The intruded sedimentary rocks are overturned and
thrust to the north and northwest and include rocks
ranging in age from Ordovician to Mississippian.
These rocks are tabulated below from information
given by Walter Danilchik (written communication,
1955):

Age Formation Description Thickness
(feet)
Stanley shale...._.._._ Shz}le, sa.n:lstone and con- =3, 500
socd glomerate.
Mississippian--... |1 gy Springs sand- Sandstone, conglomerate, 0-200
. stone. and shale.
Mississippian Arkansas novaculite..| Novaculite, calcareous no- 100-800
and Devonian. vaculite, shale, sand-
stone and conglomerate.
. Missouri Mountain Shale, sandstone, quartz- 50-100
Silurfan_...__.___ shale. ite and conglomerate.
Blaylock sandstone-__| Sandstone and shale_... ___ 0-550
Polk Creek shale.._._. Sh?lleft sandstone, and 25200
chert.
. Bigfork chert...__.____ Chert, shale, sandstone, 700
Ordovician.. ... and limestone.
Womble shale.-...._.. Sh::le, sandstone, lime- 250-900
stone.

Tertiary deposits of the Gulf Coastal Plain occur
to the east and south (fig. 1).

Stanley shale is in contact with the complex for about
three-fourths of its perimeter; Arkansas novaculite,

and a little Missouri Mountain shale are in contact
with the eastern part of the complex. These rocks
have been altered by the Magnet Cove intrusive mass
for distances up to 2,500 feet from the contact.

Igneous rocks of varied composition are found as
dikes and sills in the contact zone and in the Paleozoic
sediments to the west. These rocks include andesite
and various types of pegmatite, aplite, syenite, trachyte
porphyry, trachyte, tinguaite, and lamprophyre.
Quartz-brookite-rutile veins are concentrated in the
recrystallized novaculite of the contact zone. Feld-
spar-carbonate veins are concentrated in the northern
two-thirds of the complex. Quartz veins are closely
associated with the carbonatite. Feldspar, apatite,
and molybdenite veins are found both within and
outside the complex.

AGE OF THE ROCKS

The maximum possible age for the igneous rocks of
the complex is Mississippian because the youngest
sedimentary rock intruded by them is the Stanley
shale. The alluvium in some of the stream valleys is
probably Quaternary. Inasmuch as this leaves a
large gap, we must look outside the area for a reasonable
age. Lead-alpha age determinations were made by
Thomas W. Stern (written communication, 1958) on
zircon separated from a feldspathoidal syenite peg-
matite dike that occurs about 500 feet west of the
igneous complex mm the N¥% sec. 24 (L—287, pl. 1).
The zircon gave ages of 178 and 184 million years
(Triassic). Unfortunately, zircon was not detected
in any of the more than 300 thin sections o' igneous
rocks from within the complex. Thus the usefulness
of this age determination in relation to the main igneous
complex is questionable. Bramlette (1936) found the
nepheline syenite of the bauxite area of Arkansas to
be younger than the metamorphosed Paleozoic sedi-
mentary rocks and older than the Midway group of
Paleocene age. Miser (1912) found the peridotite
near Murfreesboro, Ark., to be of early Late Cretaceous
age. Ross, Miser, and Stephenson (1929) found
phonolitic rocks similar in composition to those in the
Magnet Cove complex as water-laid volcanic deposits
in the lower Upper Cretaceous in southwestern
Arkansas, southeastern Oklahoma, and northeastern
Texas.

The evidence indicates that the igneous rocks at
Magnet Cove are Mesozoic in age; igneous activity
may have extended from Triassic to Cretaceous time.
The igneous rocks are shown as Cretaceous(?) in age
on the geologic map (pl. 1). A more positive dating of
these rocks may be achieved by K/Ar or Rb/Sr age
determinations on biotite.



6 ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

STRUCTURE

The Magnet Cove igneous area is an elliptically
shaped ring dike complex with a small central core that
may be a stock or an undecapitated ring dike. The
complex has been emplaced in a tightly folded, west-
ward-plunging group of Paleozoic anticlines and synclines
that appear to be subsidiary features on a major
southwest plunging anticlinal nose.

In general terms the complex can be divided into
three parts: the central part of the area, a topographic
basin, is occupied by mineralogic and textural varieties
of ijolite and carbonatite. Fine-grained rocks of
phonolitic composition as well as calcareous intrusive
breccias surround the ijolotic core and form the second
part of the complex. The third part of the complex
is the outside ring of topographic ridges composed of
several types of feldspathoidal syenites.

As the contacts were mapped predominantly from
float, the attitudes of the contacts are not accurately
known. However, a study of the outcrop trends in
relation to topography suggests that most contacts
are vertical or dip steeply away from the center of the
complex.

Plate 3 shows the relationship of the igneous complex
to total intensity aeromagnetic contours in the Magnet
Cove area. L. C. Pakiser, Jr., of the U.S. Geological
Survey (oral communication, 1959) made the following
observations from inspection of this figure.

Comparison of the magnetic field over Magnet Cove with
prismatic models in a similar magnetic latitude (Vacquier and
others, 1951, p. 123) and of roughly comparable horizontal
dimensions indicates that the magnetic body is vertical or near
vertical and extends to a depth many times greater than its
horizontal dimensions. The peak of the magnetic high lies
nesr the southern edge as would be expected for a vertical
body; and the absence of flanking magnetic lows corresponds
to what would be expected from a body of large vertical extent.

The two magnetic highs shown in the northern part
of the map reflect bodies of jacupirangite, a magnetite-
rich pyroxenite.

The gross structural elements shown on plates 1 and 3
indicate that the intrusive complex is nearly vertical
and that the thrust planes and overturned folds in the
Paleozoic sediments dip south. These south-dipping
zones of weakness may have tapped a deep-seated
magma reservoir. Note also (fig 1) the abrupt change
in regional trend of the major structures from northeast
to east-west. It seems very probable that a major
east-west fault zone may occur in the area of the change
in structural trends.

Miser (1934) noted that “the Ouachita belt in which
the igneous rocks reached the surface apparently
contained zones of structural weakness in the deformed
Paleozoic rocks where the molten and fragmental
material could move upward most readily.”

The Magnet Cove igneous area is interpreted to be
a ring-dike complex. This conclusion is based upon
the arcuate dikelike relation of the exposed rock bodies,
and their similarity to such ring complexes in other
parts of the world. It is interesting to note that in
many localities of the world, strongly alkaline under-
saturated rocks occur in continental volcanic areas as
ring dikes and cone-sheet complexes. The importance
of this association will be discussed in the section on
origin of the igneous rocks.

The most widely accepted theory for the formation
of ring dikes requires a period of cauldron subsidence
into a relatively steep-sided magma reservior. Howel
Williams (1941) attributes subsidence to lack of support
of the roof caused by removal of material from the
magma chamber along vertical or steep outward
dipping fractures. While the central block subsides,
magma rises from the reservoir into the circular fracture
that bounds the sinking block. These fractures may
extend to the surface and give rise to explosive volcanic
activity or they might be exposed only through deep
erosion. It is the writers’ belief that the intermediate
ring of fine-grained rocks and breccias of phonolitic com-
position represents the earliest period of igneous activity
in the area. The abundance of volatile constituents,
particularly CO,, and the presence of miarolitic cavities
and amygdaloidal textures in these fine-grained rocks
strongly suggest a period of explosive volcanic activity
at Magnet Cove. The abundance of volcanic tuffs
of phonolitic composition in nearby Cretaceous rocks
supports this conclusion. This phase of activity was
attended and immediately followed by cauldron subsi-
dence or sinking of the central block. Erosion to the
present level has removed all traces of the volcanic
superstructure. It may be postulated that the upper
part of the sinking block was composed of volcanic
tuff and agglomerates which had accumulated around
the volecano.

IGNEOUS COMPLEX

The feldspathoidal igneous complex may be con-
veniently subdivided for purposes of rock description
as outlined in the previous section: a core of ijolite,
an intermediate ring of trachyte and phonolite, and
an outer ring of nepheline syenite. Two masses of
jacupirangite, one on the west edge of the complex
and the other on the northeast edge are described with
the outer ring. The minor rock units are described
last. Most of the mapped units are arcuate bodies,
but one of them, garnet-pseudoleucite syenite, forms
a nearly complete ring.

Topographically, syenite and trachyte form the
ridges, and ijolite, melteigite, and jacupirangite form
the basins. Carbonatite appears as low hills in the
ijolite.
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Mineralogically, the rocks can be divided into two
groups—those containing feldspar (syenite group) and
those virtually free of feldspar (ijolite group and carbon-
atite). Those containing feldspar form the intermedi-
ate and outer rings and have been classified in accordance
with Wahlstrom (1947). They include altered phono-
lite, undivided trachyte, sodalite trachyte, trachyte
porphyry, tinguaite (dike phonolite), feldspathoidal
leucosyenite, garnet-pseudoleucite syenite, garnet-neph-
eline syenite, sphene-nepheline syenite, sphene-garnet-
nepheline syenite, sphene-cancrinite syenite, analcime-
olivine melagabbro, nepheline syenite pegmatite,
eudialyte-nepheline syenite pegmatite, and aplite.
Rocks that are practically free of feldspar occupy the
central basin area (jacupirangite excepted) and have
been classified after Johannsen (1938).

They are chiefly nepheline pyroxene rocks and may
be subdivided into four groups on the basis of percen-
tage of their feldspathoids: urtite, more than 70 percent
nepheline or its alteration products; ijolite, nepheline
between 50 and 70 percent; melteigite, nepheline
between 5 and 50 percent; jacupirangite-magnetite
pyroxenite with less than 5 percent nepheline.

In the following pages, the rocks are described in
order of their position on the geologic map (pl. 1):
outer ring, intermediate ring, inner core, and miscel-
laneous dike rocks. The location and field number of
described or analyzed samples are plotted on plate 1.
Spectrographic sensitivities of the elements for this
investigation are shown in table 1. Tin, unless other-
wise noted, is not reliable in the spectrographic analyses
of the mineral separates because metallic tin was used
to stabilize the methylene iodide used in separating
the minerals.

OUTER RING

The outer ring of igneous rocks occurs as topographic
ridges and is composed chiefly of mineralogic and tex-
tural varieties of feldspathoidal syenites. Two masses of
jacupirangite and one mass of melteigite occur in the
outer ring, and although they have no mineralogic or
chemical similarity to the syenites, they will be included
in the description of outer ring rocks.

Five rock groups are described: sphene-nepheline
syenite, garnet-pseudoleucite syenite, miscellaneous
syenites, jacupirangite, and garnet-biotite melteigite.
The location of analyzed and described rocks is shown
on the geologic map (pl. 1).

SPHENE-NEPHELINE SYENITE
DISTRIBUTION AND DESCRIPTION

Sphene-nepheline syenite, about 7 percent of the
exposed igneous rocks of the complex, is best exposed
in the road cut in the NE sec. 25 and SE¥; sec. 13. The
top of the ridge consists of coarse-grained sphene-nephe-

TABLE 1.—Specirographic sensitivities of the elements

Spectral limits when the standard exposure is made for the ultraviolet region

Weight Weight
Element percent Element percent
0. 0001 0.1
. 001 005
.05 .01
.003 . 0005
.001 .1
.001 .001
. 0001 .
.001 .07
. 0001 .001
. 005 10.0
.02 . 006
. 0005 .0003
. 0001 .008
1.0 .01
.0001 . 0001
.003 .001
.001 .003
.003 .002
.001 .001
.001 .04
.003 .004
. 001 .1
.03 .05
.1 . 0005
.003 .005
.001 .001
.01 .05
.5 . 001
.003 .05
.05 .001
.003 .0001
. 0001 .02
. 0005 .001
.001
Spectral limits when a special exposure is made for the visible region
[ T 0.005 | 7 R, 0.0002
F_. .1 Na - L0001
K - L0005 || Rbooo o .001

line syenite; downslope to the west the rock is medium
grained, and downslope to the east it is fine grained.
This arcuate-shaped body of rock is about 7,500 feet
long and ranges in width from a few feet to about 1,300
feet. The western contact is with the Stanley shale,
and in sec. 25 it surrounds an older body of jacupi-
rangite. The eastern contact is largely with younger(?)
pseudoleucite syenite and the ends of the body pinch
out against the garnet-pseudoleucite syenite-Stanley
shale contact (pl. 1). The joint system follows the
elongate trend of the body and dips both east and west.

A smaller body of sphene-nepheline syenite is exposed
along Cove Creek in the SE) sec. 19. The only other
known outcrop of thisrockis in the SEY sec. 21 where it
makes a small isolated knob in the surrounding sedimen-
tary rocks.

Called fine-grained eleolite syenite by Williams (1891)
and covite by Washington (1901), the rock is typically
a fine- to medium-grained ligcht-gray to gray phanerite
that weathers to a reddish-brown or mottled (reddish-
brown, tan, and brownish-green) saprolite. Feldspar,
pyroxene, nepheline, and sphene are readily visible. Al-
though the mineralogy of the textural varieties is almost
identical, the contacts are sharp and suggest separate
intrusions. In general the fine-grained varieties cut
coarser grained syenite.
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In thin section the phanerites have a hypautomorphic
granular texture. Minerals in the rock include (in
approximate order of abundance): subhedral laths of
kaolinized sodic orthoclase (some perthite) with minor
sericite alteration; anhedral nepheline partly altered to
cancrinite; corroded and zoned crystals of neutral or very
pale reddish-brown diopside-hedenbergite rimmed with
green aegirine-diopside partly altered to green and
bluish-green hornblende and green or brown biotite.
The accessory minerals include euhedral sphene, apatite,
magnetite, sodalite or analcime, and pale-brown garnet;
plagioclase (andesine) is found in the coarser grained
phases. In contrast to the garnet-nepheline syenite,
sphene but not garnet is macroscopic in this rock.

The analyzed sample (MC-1, table 2) is a light-gray
medium-grained syenite. In thin section the texture is
hypautomorphic granular. The chief minerals are sodic
orthoclase (53 percent), nepheline (25 percent), and
pyroxene (9 percent). Although the sodic orthoclase
tends to be elongated (average about 2 mm), the sides
of the laths are generally not well developed. Carlsbad
twinning is present though not common and all the
laths are moderately kaolinized.

Nepheline occurs as unusually fresh blocky subhedral
grains averaging 1mm across. Rows of colorless inclu-
sions are common. Although sodic orthoclase and
nepheline have mutual boundary textures, the nepheline
is better crystallized, and in places appears to be older
than the orthoclase.

Three ages of pyroxene minerals are present as shown
in a few crystals which have three zones: an inner
core of colorless diopside-hedenbergite rimmed by pur-
ple titanaugite which in turn is rimmed by green
aegirine-diopside. 'The diopside-hedenbergite occurs as
well-formed crystals but their sodic rims are irregular
and in some cases, altered to sodic amphibole. The
average length of the crystals is 0.8 mm. The late
pyroxene crystals are small and have formed directly
as titanaugite or aegirine-diopside.

Hornblende occurs as lath-shaped or anhedral grains
(up to I mm in length) that are clearly younger than
the pyroxene. Pleochroism ranges from pale greenish
brown to deep bluish green. The extinction angle
ranges from 20° to 40° and at the position of maximum
extinction the mineral has an anomalous deep copper
color.

Sphene, as euhedral crystals up to 1 mm across, is
the most abundant accessory mineral. Sodalite occurs
as blocky subhedral and anhedral grains and appears
to be a late stage magmatic or deuteric mineral. Other
accessory minerals are apatite, magnetite, and pyrite.

The coarse-grained syenite on top of the ridge in sec.
13 contains more amphibole and less nepheline; andesine
(AbgAn,) occurs as early formed laths included in larger

sodic orthoclase grains. In some thin sections the
andesine is mantled with sodic orthoclase. One other
local variety of the coarse-grained nepheline syenite
occurs on the small knob in the SEY, sec. 21 where the
rock contains about 20 percent andesine and about
50 percent pyroxene so that the rock is closer to a
camptonite.

In the fine-grained sphene-nepheline syenite only a
few pyroxene grains show original diopside-hedenbergite
and titanaugite cores; most of the grains are completely
altered to sodic varieties. The groundmass is an equi-
granular mosaic of nepheline (20 percent) and sodic
orthoclase (50 percent) in which larger anhedral to
euhedral grains of mafic minerals (25 percent) are
present.

The dike of sphene-nepheline syenite (L-286) that
cuts jacupirangite in the northern part of sec. 24 is also
fine grained. The texture in thin section is trachytic
and the rock is composed of subhedral sodic orthoclase
(some perthite)}—about 74 percent; anhedral plagioclase
(trace); anhedral nepheline partly altered to cancrinite
(about 8 percent); anhedral sodalite or analcime (late)
(about 2 percent); and anhedral to subhedral dark
brownish-green hornblende, needles of green aegirine
and colorless acmite, sphene, apatite, magnetite, and
green biotite (about 15 percent).

The presence of plagioclase in the coarse-grained
variety and its virtual absence in the finer grained
nepheline syenite suggest that part of the magma
cooled slowly so that plagioclase erystals formed with
the early pyroxene crystals. 'The late minerals followed
an orderly sequence giving amphibole and sodic ortho-
clase. In the younger, finer grained rocks, which cut
medium- and coarse-grained bodies, the magma not
only cooled quickly but was probably somewhat de-
ficient in lime so that plagioclase crystals did not form
and most of the calcium went into pyroxene. The
amphibole also tended to form chiefly as alteration
rims on pyroxene crystals rather than as separate grains.

Panned concentrates of saprolite of sphene-nepheline
syenite contain magnetite, clay aggregates, sphene,
apatite, and mica. Rutile in the panned concentrates
indicates weathered rutile veinlets not apparent when
the sample was taken. A. J. Gude 3d, (written com-
munication, 1956) reported major kaolinite and trace
illite in an X-ray analysis of the clay and silt parts of
the saprolite.

CHEMISTEY

Chemical and spectrographic analyses, norms and
modes of the analyzed rocks, table 2, show a typical
nepheline syenite composition; SiO; is low and Al,O,
and the alkalies are high. The nepheline is potassic,
orthoclase is very sodic, and K,O is about the same in
both minerals. This suggests considerable solid solu-
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TABLE 2.—Analyses, norm, and modes of sphene-nepheline syenite, in percent

Sample No. Sample No. Saﬁmple Sample No.
0.
MC-1 | MC-1-11]| MC-1-9 | MC-1-10 MC-1| L-27 L-24 MC-1 MC-1 L-24 27
Standard chemical analyses 1 Mode 2
43.27 46.2 57.9 Sodlc orthoclase (perth- | 53 58 72
8.10 32.0 23.1 Nephelme (cancrinite)..| 25 5 15
5.02 n.d. n.d. Andesine. R I U T A
9. 54 n.d. n.d. Sodalite and analeime___| 2 2 3
.76 n.d. n.d. Diopside-hedenbergite... } 9
8.27 n.d. n.d. Aegirine-diopside-___
18.14 n.d. n.d. Hornblende. ... 6
n.d. n.d. n.d. Sphene._.__. 3
1.01 14.2 9.0 Apatite. .| . 20 10
.96 6.1 7.0 Magnetite___.__ 2
.03 n.d. n.d. Pyrite-pyrrhotite.._____| ____.....
n.d. n.d. n.d. Biotite o feamos
2.80 n.d. n.d. Garnet. [
n.d. n.g. n.g.
nd | nd| aq Colorimetric analyses
n.g. n.g. n.g.
n.d. n.d. n.d.
n.d. n.d, n.d. 0: %2 <0' 001
n.d. 1.0 2.2 . n.d. ‘n. d
Total. ... 10030 | 98.80 | 9.5 902 - -010 <010
Less O..... ;) O .
Radiometric analyses
99,99 |- oo e[l
(1.0 0. 004 0. 001 <0. 001
Low-level chemical analyses 6
L 0. 00027 n.d. n.d.
LA I . 00100 n.d. n.d.

! Analyses: MC-1 by L. M. Kehl; MC-1-11 by L. N. Tarrant; MC-1-9 and MC-
1-10 by P. L. D. Elmore and K. E. "White

2 Looked (spectrographically) for but not found: Ce, Hf, Th, P, Ta, W, Re, Ru,
Rh, Pd, Os,Ir, Pt, Az, Au,Zn, Cd,Hg,In, T1, Ge,Sn,As,Sb, Bi. and Te. Analy-

s: MC-1 by H. J. Rose; L-27 and L~24 by Sol Berman.

3 Modes by L. V. Blade.

4 Analyses by H. E. Crowe and A. P. Marranzino.

5 Analyses by B. A. McCall.

8 Analyses by J. C. Antweiler.

n.d.=not determined.

tion of kalisilite in nepheline and albite in orthoclase
(some of the modal sodic orthoclase is perthitic).
Excess Na,O occurs in aegirine-diopside as indicated
by chemical analysis of the pyroxene-amphibole
composite.

The abundant chlorine makes sodalite the logical
choice for the bulk of the colorless low-index isotropic
mineral in the rock. No fluorite was detected in thin
section so the fluorine must be found in apatite, biotite
and perhaps minor amounts in hornblende (although
none was detected in the composite) and sphene. The
titanium occurs in sphene, magnetite, and pyroxene.

Spectrographic analyses show a higher barium content
than the chemical analyses. Distribution of barium in
the mineral separates (table 3) suggests that the spec-
trographic analyses for barium in the rock are probably
high.

Trace elements in the rock that are equal to or
exceed 0.01 percent and in order of abundance include:
Sr, Zr, La, V, Cr, and Nb. The distribution of the
trace elements is shown by the spectrographic analyses
of minerals separated from the analyzed rock (table 3).

MC-1. Sphene-nepheline syenite, SE¥ sec. 13.

MC-1%9, Nepheline separate from MC-1.

MC-1-10. Sodic orthoclase separate from MC-1.

MC-1-11. Pyroxene-amphibole composite from MC-1
11—24n DeSphene—nephelme syenite, NEY4 sec. 24. Mode on fresh rock, analyses on
sapro!
127, i mSphene-nepheline syenite, NEY sec. 24. Mode on fresh rock, analyses on
saproli

Discrepancies in the results on like mineral phases
such as nepheline, sodic orthoclase, and diopside-heden-
bergite may be due to several factors which include:
nonuniform distribution of trace elements within the
minerals, different methods of separation, and different
analysts. Any or all of these factors may be operative
here, since the like phases were separated at different
times and analyzed by different analysts.

Of all the trace elements reported in table 3, only Ba
and Ga are higher in the felsic minerals than in mafic
minerals. Strontium occurs in felsic minerals at about
the same level of concentration as Ba, but is three to
four times more abundant in the mafic minerals. Ba*?
(1.34 A) is a large cation and tends to concentrate in
the late fractions of the magma, and may replace K+!
(1.33 A) in the sodic orthoclase as long as the charge is
balanced by Al1*?® in tetrahedral coordination. The
size of the Sr*2 ion (1.13 A) is similar to Cat? (0.99 A)
and substitutes for Ca in the pyroxene and apatite.

Following are some further observations on the trace-
element distribution in sphene nepheline syenite.
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TaBLE 3.—Spectrographic analyses, in percent, of mineral separales of sphene-nepheline syenite

L-24-1 MC-1-¢ MC-1-b MC-1-6 MC-1-5 MC-1-8 MC-1-9 MC-1-2 MC-1-10 MC-1-1
0. 001 0 0. 001 0 0. 0006 0. 0003 V] 0.0001 0 0. 0001
.2 .03 >10 >10 >10 >10 .04 .02 .06 .02
n.d >10 >10 n.d. n.d. nd. .44 n.d. I T
01 .3 .4 .05 .2 .3 .12 .2 .14 .3
0006 .1 01 0 . 006 .02 .2 .3 .3 .4
0 . 0002 006 .01 004 . 0006 0 0. 0 0
.04 02 0 . 008 . 008 0 0 0 0
02 .04 0 0 .02 04 0 0 0 0
n.d. . . 001 n.d. n.d. n.d. 0 n.d. 0 n.d.
2.2 1-10 1-10 1.8 1.5 1.3 .06 .03 .02
. 006 .05 .05 . 007 .04 .08 .002 0 .003 0
.5 .04 .02 .06 .08 .1 . 001 .01 .001 .01
0 7 0 0 0 .01 0 0 0
. 009 0002 .08 1 . 0009 . 0007 0 . 0007 0 . 0005
0 0006 0 [ 0 0 0 0 0
.5 001 . 08 .7 .9 . 001 . 006 . 003 .01
>10 4 1-10 >10 >10 >10 .40 .5 .24 .3
. 008 0008 . 004 . 003 . 002 . 003 0 0 0 0
. 007 01 .01 .01 . 002 .003 0 0 0 0
.01 005 . 001 . 002 . 002 . 002 . 0001 . 001 . 002 . 001
.1 0 0 0 0 0 0 0 0
. 005 0 . 002 . 0007 .003 . 004 011 . 004 005 .002
0 n.d. n.d. . 005 . 006 . 007 0 0 (] 0
0 005 0 0 0 0 002 0 . 002 . 006
3.35+. 05 3.4+.1 3. 24£.05 | 2652405 |oceeoeao 2. 55,02
Indices of refraction !
2RI | =1, 697k, 005
B. —- =1.708-. 005
Y e e e mm e e =1.730=+. 005
1 Determined by D. J. Jameson.
n.d. =not determined.
Looked for but not found: B, Th, P, Ta, W, U, Re, P4, Ir, Pt, Ag, Au, Cd, Hg, In, Qe, As, Sb, Bi.
EXPLANATION OF SAMPLES
Analyst
Sample X-ray
X-ray Spectrographic
L-24-1__ Magnetite n.d. H. J. Rose.
MC-1-Coovece Sphene_._____._________... n.d. J. D. Fletcher.
MC-1-b.. Diopside-hedenbergite._ .. n.d. 0.
MOC-1-6_ ool QO Monoclinic pyroxene prob. intermediate be- | F. A, Hildebrand...._ H.J. Rose.
. tween diopside and augite.
MC-1-5_ Aegirine-diopside._..oo.o_f..._ do. Do.
MC-1-8. Green hornblende. Amphibole probably hornblende Do.
MC-1-9 Nepheline Harry Bastron.
MC-1-2_ e o|ean [ L N, Nepheline and minor analcime(?) H. J. Rose.
MC-1-10_.._.___.__ Sodic orthoclase ... .___._ Harry Bastron,
MC-1-1_ e eeee do. - H.J. Rose.

1. Zirconium occurs in amphibole (0.08 percent), pyroxene 0.007—
0.05 percent) and sphene (0.05 percent).

2. Most of the lanthanum is in early formed sphene and in the
late forming mafics, aegirine-diopside and hornblende.

3. Vanadium is concentrated chiefly in magnetite (0.5 percent)
and also occurs in the other mafic minerals in concentration
ranging from 0.02 percent to 0.1 percent. Late formed
pyroxene contains more vanadium (0.08-0.1 percent) than
early more titaniferous pyroxene (0.02-0.06 percent).

4. Most of the chromium is in early pyroxene.

5. Niobium is concentrated almost exclusively in sphene.
was detected in hornblende.

6. Most of the copper, cobalt, and zinc are in magnetite, whereas
most of the nickel is in sphene and early pyroxene.

7. Scandium occurs in pyroxene and amphibole and is most abun-
dant in sodic pyroxene (0.01 percent).

By comparing the trace-element content of the sap-
rolite, 1.—24, with that of the fresh rock, MC-~1, we can
get some idea of the effects of weathering on the trace
elements. Ti, Nb, Sc, Yb, and Pb are enriched in the
saprolite, whereas Sr, Mn, and Cr are decreased. Re-

Some

sistant sphene probably is responsible for the concen-
tration of Yb, Nb, Pb, and part of the Ti. Resistant
magnetite probably is responsible for concentration of
part of the Ti.

GARNET-PSEUDOLEUCITE SYENITE
DISTRIBUTION AND DESCRIPTION

The garnet-pseudoleucite syenite, the most abun-
dant rock type, represents about 21 percent of the
igneous rock exposed in the complex. It forms a nearly
complete ring ranging from a few to nearly 2,000 feet
in width (pl. 1).

Good exposures include: The Diamond Jo quarry in
the western part of sec. 29, the creekbeds of secs. 29 and
30, the ereekbed in the northwestern part of sec. 18,
and the highway cut in the northeastern part of sec. 24,
The latter exposure is saprolite but the porphyritic
texture of the original rock is preserved and a few re-
sidual boulders with a fresh rock core can be found.
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Several mineralogic and textural varieties of this rock
can be found but the typical fresh rock is light gray,
medium grained, and composed of pseudoleucite, feld-
spar, black titanium garnet, pyroxene, and nepheline.
Nepheline is much more abundant than in the sphene-
nepheline syenite. Weathered surfaces are rough due
to the protuberance of sodic orthoclase laths. The
white pseudoleucite crystals are the most conspicuous
criteria for defining this rock type but they are not al-
ways present, whereas the consistent occurrence of
black garnet and absence of visible sphene in all var-
ieties are diagnostic. Black titanium garnet is abun-
dant in ijolite also, but the ijolite contains no feldspar.

Inclusions in the rock are abundant and include met-
amorphosed sediments and fine- to coarse-grained ijo-
lite and melteigite fragments., These inclusions up to
10 feet across are most easily seen and studied in the
north face of the Diamond Jo quarry but they are also
found in the float throughout the mapped unit.

Miarolitic cavities up to 3 inches across are common
in the rock in the Diamond Jo quarry. The minerals
that partly fill these cavities are generally automorphic
and include: tabular white orthoclase, needles of green
aegirine, needles of colorless pseudowavellite, and short
prisms of colorless apophyllite.

Color variations in the fresh rock include light gray,
light greenish gray, and gray. The saprolite is gen-
erally some shade of brown but is sometimes gray and
if the original rock was porphyritic the residual pheno-
crysts of pseudoleucite stand out as white spots.

A coarser grained more slowly cooled phase of the
garnet-pseudoleucite syenite was mapped separately
as garnet nepheline syenite and comprises about 3.5
percent of the exposed igneous rocks. The best ex-
posures of this rock are in the NE) sec. 18 where it
occupies the top of the ridge and is surrounded by the
more typical garnet-pseudoleucite syenite. Earlier
workers mapped this rock as part of the sphene-
nepheline syenite, but the presence of macroscopic
garnet, absence of macroscopic sphene and gradational
contact with garnet pseudoleucite syenite mark it as a
coarser grained phase of garnet pseudoleucite syenite.
The early formed leucite crystals must have reacted
with the magma and were completely eliminated. In
the more rapidly cooled medium-grained rock, the
early leucite crystals were not resorbed but adjusted to
stability conditions by exsolution of fine-grained masses
of nepheline and orthoclase but preserving the outward
crystal form of leucite—hence, pseudoleucite. The
chemical analyses of the two garnet syenites are very
similar and they differ from the sphene-bearing nephe-
line syenite.

A well-developed major joint system strikes parallel
to the ring-dike outcrop pattern. The major set dips

about 55° SE.; the minor set dips northwest. A second
minor system strikes at right angles to the major system
and dips range from 75° to vertical.

In most thin sections, nepheline occurs in two gener-
ations: as unusually clear, blocky subhedral to euhedral
crystals or phenocrysts up to 10 mm across that appear
to be earlier than the sodic orthoclase, and as late,
potash-rich, anhedral equigranular grains in the ground-
mass. Phenocrystic nepheline poikilitically includes
aegirine laths. The borders of the crystals are com-
monly altered to analcime, sodalite group, cancrinite
and calcite. Nepheline is more abundant in this rock
than in the sphene-bearing nepheline syenite and ranges
from 20 to 60 percent of the rock. In the coarse-
grained variety, nepheline comprises only 15 to 25
percent of the rock and is probably younger than the
feldspar.

Sodic orthoclase as elongate tabular crystals as much
as 5 mm long comprises 5 to 40 percent of the pseudo-
leucite phase and 40 to 60 percent of the coarse-grained
phase. In some rocks the potash feldspar is micro-
perthite; in others, anorthoclase. In one thin section
anorthoclase forms large optically continuous areas that
poikilitically include all other minerals. In a few
samples potash feldspar occurs as phenocrysts up to
4 mm long.

Early diopside-hedenbergite, late aegirine-augite and
aegirine are the chief pyroxene minerals. Insome areas
the diopside-hedenbergite is tinted purple due to the
presence of titanium in the structure. The relative
proportions of the pyroxenes vary widely but together
they average 15 percent of the rock. The diopside-
hedenbergite occurs as colorless ravaged eubedral crys-
tals that are rimmed with green aegirine-diopside.
Aegirine occurs as very late formed small euhedral
crystals. Rarely pyroxene is altered to green biotite;
no amphibole has been observed in the 18 to 20 thin
sections studied.

A black titanium garnet that ranges in composition
from titanium-bearing andradite to melanite is one of
the most diagnostic minerals of the garnet-pseudo-
leucite syenite. The proportion of garnet ranges
from an accessory mineral to a major constituent
status. In thin section the garnet is a deep brown,
late-formed mineral, commonly subhedral, and poiki-
litically includes early-formed minerals. Pale-yellow,
highly birefringent alteration masses of the garnet
may be sphene formed by release of iron from the garnet
leaving calcium, titanium, and silica, the components
of sphene. Perhaps some of the released iron goes
into deuteric green biotite.

White pseudoleucite crystals ranging from % to 2
inches across are also diagnostic of the garnet-pseudo-
leucite syenite, but their proportion in the rock is
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extremely variable ranging from 0 to 60 percent.
On weathered surfaces they stand out in positive relief
and almost perfect crystals may be picked up in grus
accumulations. Pseudoleucite is rarely present in the
coarse-grained phase of the rock which suggests com-
plete reaction of early leucite crystals with magma.
The pseudoleucite crystals are composed of fine-
grained masses of orthoclase and nepheline that have
the trapezohedron form of the original leucite crystals.
One thin section of pseudoleucite showed a myrmekitic-
like intergrowth of sodic orthoclase and nepheline.
Commonly the nepheline is altered to cancrinite.

A brief description of each of the analyzed samples
follows:

MC-111 (NEY sec. 18).—Gray, porphyritic, medium-
grained garnet-pseudoleucite syenite (table 4). Phenocrysts
of pseudoleucite up to 7 mm, and black garnet as much as 6 mm
make up about 3 percent of the rock. In thin section the min-
erals are subhedral to anhedral nepheline partly altered to

analcime, sodalite group, and cancrinite; subhedral to anhedral
sodic-orthoclase partially altered to analeime, sodalite group,
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and cancrinite (some of the feldspar crystals poikilitically
include nepheline, diopside-hedenbergite, garnet, sphene,
aegirine and magnetite); subhedral to anhedral diopside-heden-
bergite rimmed with aegirine-diopside and the whole partly
altered to biotite and magnetite; euhedral to anhedral aegirine
partly altered to biotite; anhedral garnets, some of which are
zoned from brown in the center to colorless on the borders and
partly altered to sphene; anhedral sphene; anhedral perovskite;
and anhedral fluorite generally intergrown with sphene. No
apatite was detected in thin section but the P;O; in the analysis
indicated some was probably present in the rock.

MC-121 (west edge, sec. 29).—Gray porphyritic medium-grained
garnet-pseudoleucite syenite (table 4). In thin section the rock
is composed of subhedral nepheline (early) and anhedral nephe-
line (late) both partly altered to analcime, sodalite-group min-
erals, and cancrinite; subhedral to anhedral sodic orthoclase
partly altered to anaicime, sodalite-group minerals, and ecancri-
nite; euhedral to anhedral diopside-hedenbergite, rimmed with
aegirine-diopside and aegirine and partly altered to biotite and
magnetite; euhedral to anhedral aegirine-diopside rimmed with
aegirine and partly altered to biotite and magnetite; euhedral
to anhedral aegirine partly altered to biotite and magnetite;
euhedral to anhedral garnet some of which is zoned, brown in
the center to colorless borders, and partly altered to sphene;

TABLE 4.—Analyses, norms, and modes of garnet-pseudoleucite syenile, in percent

Sample No. Sample No. Sample No. Sample No.
MOC-111{M C-121 MC-111{MC-121] L-21 L-50 MC-111]MC-121 MC-111 | MC-121 L-21 L-50 | MC-64
Standard chemical analyses ! Spectrographic analyses 2 Norms Modes 3
S8i0g ... 49.43 | 47.31 || Be_.___ 0.0007 | 0.0004 | 0.0005 | 0.0005 36.70 | 38.36 || Orthoclase_...-..__ 30 25 35 35
AlO3.____| 20.17 | 20.10 || Mg._..| n.d. n.d. .7 .2 11.00 Nephe};u)m (can- 40 40 41 41
crinite
4.00 3.57 || Ca_-__ n.d. n.d. {>5 .02 6.39 6.39 || Analcime (or 3 1 3 3
sodalite group).
1.71 2.62 || Sro_.._. .014 .044 .2 R 17 TN DSOS BAURRUpRS) PRI Monoclinic
pyroxene:
.32 .30 || Ba.___. .26 .48 .3 3 ne....... 24.99 | 20.82 D?psi%g-heden- 5 2 1 2
ergite.
64 .89 (| Boooooo 0 0 . 002 . 001 hl._..__ .12 Aegirine-diop-
side. 12 16 7 9
5.08 6.67 L0003 | O 0 tho.._... .28 Aegirine_________
.27 .36 .0038 .003 |0 ne ... 2.33 2. 54 Bi(ét%te (magnet- 4 3 6 7
8.30 7.98 .018 . 006 .03 Garnet (sphene) S 11 6 2
6.19 6. 50 nd. | 0 1] 6.24 || Apatite...___.
.10 .10 0002 .0008 | O 7.31 || Calcite_.
H,0+4+ .| 173 1.42 nd. | 1 .5 5.10 || Clinozoisite-
TiOy_ .. .63 .88 021 .03 .03 Fluorite__._. 1 2 1 1
.96 1.07 045 .06 .03 1.67 || Magnetite___
13 .21 0074 .03 .03 .34 || Perovskite..
.13 .01 . 0005 .0004 | .001 .39 || Pyrite.... ...
.08 .04 .22 .5 .1 pro.__..- .12
.20 .19 n.d. 4 4
.03 06 0009 .0008 | .0008 Colorimetric analyses ¢
L0006 | O
Total.._ . 0008 .02 . 0003 0.003 <0.001 | 0.002 n.d.
Less O__. . 0027 . 003 . 003 <.0001 L0001 | .0002 nd.
<.001 n.d. n.d. n.d.
0 0 .001 012 .015 .013 n.d.
Radiometric analyses 5
eU. s 0.003 0. 002 <0.001 | 0.003
Chemical analyses ¢
U s 0.00020 | 0.00020 n.d. n.d. | 0.00017
Thoo . n.d. . 00055 n.d. n.d. | .00069

1 Standard chemical analyses. MC-111 and MC-121 by I.. M. Keh}; MC-111-1
by L. N. Tarrant.

2 Spectrographlc analyses. MC-111 and MC-121 by H. J. Rose; L-21 and L-50
by Sol Berman.

3 Modes by L. V. Blade.

4 Colorimetric analyses by H. E. Crowe and A. P, Marranzino.

§ Radiometric analyses by B. A. MeCall.

8 Low-level chemical analyses of uranium and thorium by J. C. Antweiler.

n.d.—net determined.
Looked for (spectrographically) but not found: Hf, Th, P, Ta, Mo, W, U, Re, Ru,

Rh, Pd, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, T1, Ge, 8n, As, Sb, Bi, Te.

MQC-111. Porphyritic garnet pseudoleucite syenite, NE¥ sec. 18.
MC-121. Porphyritic garnet pseudoleucite syenite, SW4 sec. 29,
MC-111-1. Pyroxene composite from MC-111,
1-21. Porphyritic garnet pseudoleucite syenite, NE14 sec. 24.
Mode of fresh rock, analyses of saprolite.
L-50. Porphyritic ga.met pseudoleucite syenite, NE}4 sec. 24.
Mode of fresh rock, analyses of saprolite.
MC-64. Porphyrltic garnet pseudoleucite syenite, NE4 sec. 18.
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TaBLE 5.—Analyses, norm, and modes of garnet-nepheline syenite, in percent

Sample No. Sample No. Salfrnple Sample No.
0.
MC-112 | MC-112-6 MC-112 ‘ L-54 ( L-84 MC-112 MC-112 | L-54 L-84
Standard chemical analysest Spectrographic analyses 2 Norm Modes ¢
SiOgoco . 48.88 46.65 0.0007 0. 0003 0.0003 || oro_____.__ 40.03 || Sodic orthoclase.____.....___. 27 42 36
[0 7 S, 19.77 4.51 n.d. .1 .2 Y Y 7.34 Nephlgtlg)le (cancrinite and | 43 42 33
zeolite).
4.20 15.38 n.d. .04 .07 5.56 || Sodalite and (or) analeime__.; 1 2 5
1.72 7.04 .054 .1 .05 24.99 || Diopside-bedenbergite. ... - 2
.31 1.26 .33 5 .5 .12 || Aegirine-diopside.. }16 11 }19
.72 2.81 0 0 .001 2.65 || Aegirine.
5.38 12,13 . 0003 0 0 arnet._.. 6 6
.32 n.d. 0 . 002 0 4,47 || Sphene 3
7.95 6.21 024 0 0 5.68 alcite
6.80 .98 n.d. .3 .3 4,18 || Fluorite_
.30 .09 .03 .02 .03 1.28 || Apatite.._. 3 1
1.39 .59 . 052 . 009 .05 1.52 agnetite_. 2
.76 1.12 . 0099 .02 .04 .34 || Biotite___
1.09 n.d. . 002 . 0005 . 001 .62 || Pyrite__._._._
.14 n.d. 0 .0008 .001 Clinozoisite_ -~ ..o ____
00 n.d 28 .2 .2
.07 n.d n.d. 1 4
.28 .66 . 0008 . 0005 . 001
04 n.d 0 . 0007 . 0008
100. 12 99.43 . 0009 . 0009 .001 0. 001
Less O.__. .16 . .00%2
n.d.
99.96 99.15 || Ga._ ... . 0033 . 002 . 003 .013
Pbo . 0 01 .001
Radiometric analyses §
U o 0. 005 0. 006 0.005
Chemical analyses ¢
L 0. 00027 n.d. n.d.
Tt . 00045 n.d. n.d.

’I‘l Stm%da.rd chemical analyses. MC-112 by L. M. Kehl and MC-112-6 by L. N.
arrant.

2 Spectrographic analyses. M C-112by H., J. Rose, L--54, L-84 by Sol Berman.

3 Modes by L. V. Blade.

4 Colorimetric analyses. MC-112, L-54, L-84 by H. E. Crowe and A. P. Marran-
Z1mo.

6 Radiometric analyses by B. A. McCall.

6 Low-level chemical analyses of uranium and thorium by J, C. Antweiler.

n.d.—not determined.

and euhedral apatite. No fluorite was detected in thin section
but it is probably present in the sample.

L-21 (NE1/4 sec. 24).—Light-gray medium-grained garnet-
pseudoleucite syenite (table 4). The fresh rock in thin section
is composed of subhedral to anhedral sodic orthoclase partly
altered to analcime or sodalite group, cancrinite, and calcite;
nepheline as corroded crystals (earlier than the feldspar) partly
altered to analcime or sodalite group, cancrinite and calcite;
corroded crystals of very pale brown diopside-hedenbergite rim-
med with green aegirine-diopside and aegirine; subhedral to
anhedral green aegirine-diopside rimmed with green aegirine and
partly altered to green biotite and magnetite; euhedral to anhed-
ral crystals of green aegirine some partly altered to biotite and
magnetite; euhedral to anhedral zoned garnet with brown
centers (melanite) and colorless rims (andradite) partly altered
to sphene, green biotite, magnetite, and -calcite; subhedral
crystals of magnetite some rimmed with biotite; and euhedral
apatite. Material in the concentrate of the panned saprolite
oceurs in about the following order of abundance: feldspar,
nepheline (some pink), garnet, pale-brown mica, green pyroxene,
magnetite, pyrite, and apatite. A spectrographic analysis of
the saprolite and the mode of the fresh rock are shown in table 4.

L-50 (NE1/4 sec. 24).—Light gray, porphyritic, medium-
grained garnet-pseudoleucite syenite (table 4). Phenocrysts of
pseudoleucite as much as 10 mm, sodic orthoclase 10 mm long,
nepheline 10 mm, black garnet 5 mm, respectively, and agglo-

Looked for (spectrographically) but not found: Ce, Yb, Hf, Th, P, Ta, W, Re, Ru,
Rh, P4, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, Ge, Sn, As, Sb, Bi, Te,

MC-112. Garnet-nepheline syenite, NW4 sec. 17,

MC-112-6. Pyroxene composite from MC-112.

1-54. l(}arnet-nepheline syenite, NW4 sec. 17. Mode on fresh rock, analyses on
saprolite.

L-84 lGramet-nepheline syenite, NE!4 sec. 20. Mode on fresh rock, analyses on
saprolite,

merates of fine-grained pyroxene and sodic orthoclase make up
about 5 percent of the fresh rock. In thin section the minerals
are: subhedral nepheline earlier than the feldspar and anhedral
nepheline later than the feldspar both partly altered to analcime
or sodalite group and cancrinite; subhedral to anhedral sodic or-
thoclase partly altered to analcime or sodalite group and can-
crinite; subhedral diopside-hedenbergite altered on the borders
to aegirine diopside; euhedral to anhedral aegirine-diopside partly
altered to biotite and magnetite; anhedral brown-~ to brownish-
yellow zoned garnet partly altered to sphene and fluorite; and
euhedral apatite as inclusions in the diopside-hedenbergite. Ma-
terial in the concentrate of the panned saprolite occurs in about
the following order of abundance: feldspar, nepheline, pale-
brown mica, garnet, pyroxene, pyrite, apatite, and magnetite.
From an X-ray analysis of the clay- and silt-size part of the sap-
rolite sample, A. J. Gude 3d, (written communication, 1956)
reported major kaolinite and minor illite. A spectrographic
analysis of the saprolite and the mode of the fresh rock are given
in table 4.
CHEMISTRY

Chemical and spectrographic analyses, norms, and
modes of garnet-pseudoleucite syenite and garnet-neph-
eline syenite (tables 4 and 5) show that these rocks are
typical nepheline syenites but distinctly different from
the previously described sphene-nepheline syenite, par-
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ticularly in silica and in volatile content. Silica is
lower, but the alkali is the same resulting in a much
higher nepheline content. CO, is uniformly high and
occurs in cancrinite; the high Cl (in sodalite) character-
istic of sphene-nepheline syenite is negligible in these
rocks. The TiO, content is lower and is chiefly in gar-
net, whereas the higher TiO, content of sphene-nephe-
line syenite occurs in sphene.

The amount of modal nepheline is much greater than
normative nepheline. However, the nepheline defi-
ciency in the norm can be ascribed to the use of much
of the sodium in normative albite and some of the potas-
sium in normative orthoclase. The excess silica would
combine with normative anorthite, wollastonite, ilmen-
ite and part of the iron oxides to make the modal pyrox-
enes and titanium garnet which comprise 22 to 29 per-
cent of the rock.

The high Fe,0; and Na,O in the analyzed pyroxene
composite reflect the aegirine-diopside and aegirine al-

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

teration of early diopside hedenbergite; the K,O is prob-
ably in minor biotite alteration products.

Trace elements equal to or greater than 0.01 percent
include, in order of abundance, Ba, Sr, V, La, Zr, and
Nb. The distribution of most of the trace elements
within these rocks is shown in the spectrographic
analyses of minerals separated from the analyzed rocks
(tables 6 and 7).

1. Most of the manganese in the rock is in magnetite, sodic
pyroxene, and garnet.

2. Most of the nickel is in garnet.

3. Vanadium has its highest concentration in magnetite, garnet,
and perovskite but is aiso present in the pyroxenes, parti-
cularly sodic pyroxene.

4. Yttrium is concentrated in perovskite and garnet with lesser
amounts in the diopside hedenbergite. Lanthanum, how-
ever, is not present in the pyroxenes, but occurs in the garnet
and perovskite in concentrations up to 0.06 percent. The
high lanthanum content of the rocks (0.018 to 0.027 percent)
suggests that not all of the lanthanum is accounted for by
the minerals so far analyzed in this study.

TaABLE 6.—Spectrographic analyses, in percent, of mineral separates of garnet-pseudoleucite syenite

MC-121-1 | MC-121-¢ | MC-121-b | MC-111-¢ | MC-111-d | MC-111-10 | MC-111-a | MC-121-a | MC-111-9 | MC-111-b | MC-111-11
0 0 0 0 0 0 0 0 0. 001 0. 00008
.3 .02 1 1 >10 >10 >10 >10 1 .01
nd, | >10 >10 10 >10 nd. | >10 >10 nd. | >10 n.d.
. 0009 .3 .2 N 1 .2 .4 .4 .3 .6 .02
. 005 . 002 .02 .05 .1 .003 . 009 .02 .002 .08 .003
0 \] 0 \] 0 . 0004 .001 .002 .0003 Q ]
0 .1 .1 .05 .06 . 006 .02 .02 ] ]
0 .05 .01 .02 .06 \] 0 Q 0
n.d. n.d. n.d. n. . 002 n.d. . 0008 . 0005 n.d. 0 n.d.
3.4 >10 1-10 1-10 1-10 1.5 1-10 1-10 .5 .4 .008
\] .2 .08 .2 .04 .06 . 002 .01 .02 .02
.5 1 .3 .2 .2 .1 .04 .03 .2 .06 .007
\] .009 .02 .1 \] 0 ] 0 0
. 004 0008 . 0002 . 0002 . 0002 . 0007 .003 .003 . 0007 . 0002 . 0007
1 04 .2 .3 .6 .09 .1 .06 7 .5 . 001
>10 >10 >10 >10 1-10 >10 1-10 1-10 >10 >10 .03
.008 .003 .001 . 003 \] . 0008 .003 . 002 . 0006 .001 Q
. 007 0 . 004 .001 .004 . 002 0 0 .003 0 Q
. 002 .009 .002 .002 .003 . 003 . 002 .001 .003 .001 . 0006
\] 0 ] 0 \] Q 0 0 0 . 0001 Q
.2 0 \] 0 0 0 \] 0 0 0
.003 0 . 0002 0 . 003 . 0009 .002 .002 .001 .001 .003
n.d. n.d. n.d. n.d. n.d. n.d. .008 n.d. 0
............................................................ 3.364-.05 3. 5564-. 05 2.254-.05
Indices of refraction !
1. 7254, 005 1. 7124-.005
1.7374.005 |- 1. 738005
1. 7504=. 005 1. 785=. 005
1 Determined by D. J. Jameson.
n.d.—not determined.
Looked for but not found: B, Th, P, Ta, Mo, W, U, Re, Rh, Pd, Ir, Pt, Au, Cd, Hg, In, Ge, Pb, As, Sbh, Bi.
EXPLANATION OF SAMPLES
Analyst Sample X-ray Analyst
MC-121-1._ . _.__ H.J. Rose, Jre—______.___ Magnetite ...
MC-121—¢.. J. D. Fletcher..__ Perovskite___________
MC-121-b_ Garnet (melanite)..
MC-111- eedoo
MC-111- Garnet (pale-brown and; Andradite. .o e W. F. Quterbridge.
l\l\g 8—%3«1 Diopside-hedenbergite Monoclinic pyroxene, probably augite and minor biotite..| F. A. Hildebrand.
~111-a__ eeedoo ..
MC-121-a.__ JRREY« s T -
MC-111-9__________ Aegirine-diopside_____._.______________ Monoclinic pyroxene, probably intermediate between Do.
diopside and augite.
MC-111-b________._ J.D. Fletcher__.._.__._.___ Aegirine______ ... ...
MC-11-11________. H.J.Rose, Jrocoeoooao. Analeime_______ ... __ Analeime . oo Do.
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MC-112a MC-112b MC-112-1 MOC-112-2 MC-112-3 MC-112-4 MOC-112-5
Be oo 0 0 0. 0001 0. 0001 0 0. 0001
Mg . .4 >10 >10 10 >10 .02 .04
Camoe e >10 >10 n. n.d. n.d. n.d. n.d.
Sro e .3 .4 .1 .4 .4 .5 .1
Ba_ .. . 04 . 008 . 001 . 002 . 001 9.5 . 009
S e 0 . 002 . 003 0 0 0
Y e .02 .03 . 008 004 . 004 0 0
La_ . 0 0 0 0009 . 0009 0 0
YD n.d. . 001 n.d. n.d. n.d. n.d. n.d.
T e 1-10 1-10 2.4 .5 .6 .03 .01
b/ S .04 . 05 .03 .02 .05 .04 .01
V e .2 . 03 .03 .2 .2 .01 .01
Nb oo . 06 0 0 0 0
Cro o . 0001 . 0002 . 0007 . 0007 . 007 . 0007 . 002
Mn.__.___ o _______ .18 . 06 .04 1.1 1.0 . 001 . 005
Feo . >10 1-10 >10 >10 >10 .9 .2
COo e . 0005 . 003 . 002 . 001 0 0
Nio . . 0006 0 . 003 . 004 0 1]
CU e . 002 002 . 0009 . 002 . 001 . 0008 . 0008
Ag o 0 0 . 0003 . 0004 0 0
Ga . . 0002 004 . 001 . 002 . 001 . 003 . 008
1S ' VR n.d. n.d. . 002 . 004 . 002 0 0
Specific gravity .-~ |-o oo | . _| 3.35+.05 | 3.35%1.05 |3.55+.05 |2 75+.05 2.3

Indices of refraction!
- R P [ 1.71340. 005 | 1. 69340. 005
- R FEU U U 1.7214+ .005 | 1. 719+ . 005
2P PR [T 1.7454+& . 005 | 1. 7794 . 005
1 Determined by D. J. Jameson.
n.d.=not determined.
Looked for but not found: B, Hf, Th, P, Ta, Mo, W, U, Re, Pd, Ir, Pt, Au, Zn, Cd, Hg, In, Ge, Pb, As, Sb, Bi.
EXPLANATION OF SAMPLES
Analyst
Sample X-ray
X-ray Speetrographic

MC-112a__.__ Dark garnet - - . | e J. D. Fletcher.
MC-112b_____ Diopside-hedenbergite. . .| . el Do.
MC-112-1____ | ____ do_ Monoclinic pyroxene probably augite_ _____ F. A. Hildebrand_.__| H. J. Rose.
MC-112-2____| Aegirine_________________. Monoclinic pyroxene probably aegirine and (- ____ dOoe . Do.
minor biotite.

MC-112-3 . {eeodO . Monoclinie pyroxene probably aegirine ____|-____ do_o o . Do.
MC-112-4____| Barian feldspar._ - _____ | . . Do.
MC-112-5____| Zeolite. . ________________ Natrolite and minor sodalite_________.____f..___ do_ .. Do.

5. Zirconium occurs chiefly in the garnet and diopside-heden- foregoing syenites nor with each other. These rocks

bergite, with lesser amounts in sodic pyroxene and felsic

minerals.

6. Niobium is concentrated in perovskite and garnet.
7. Strontium is concentrated in the mafic minerals.
tity of barium found in the analyzed minerals is insufficient
to account for the barium content of the rock. Most of
the barium probably is present in feldspar with lesser
The high barium content of the
barian feldspar of the garnet nepheline syenite is particu-

amounts in the garnet.

larly noteworthy.

8. Gallium is not concentrated to any great extent in any mineral

but is highest in the zeolite.

MISCELLANEOUS SYENITES

Scattered about the complex are gray medium-grained
syenites that are not readily classified with any of the

permit differentiation of these units on
map.

The quan-

FELDSPATHOIDAL LEUCOSYENITE

(pl. 1). Good exposures are rare.

are chemically similar to the previously described rocks,
but small mineralogic differences in isolated bodies

the geologic

A unit mapped as feldspathoidal leucosyenite occurs
in the southeastern of the complex and represents about
0.7 percent of the exposed part of the igneous complex

The rock is a light-gray fine- to medium-grained

nepheline syenite.

phanerite that ranges in composition from alkalic to
In thin section the texture is hypau-
tomorphic-trachitoid. Felsic minerals include sodic
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orthoclase, analcime or sodalite, perthite, plagioclase,
and nepheline. Other minerals (usually not abundant)
include aegirine-diopside, biotite, muscovite, horn-
blende, colorless to brown garnet, apatite, sphene,
fluorite, magnetite-ilmenite, pyrite, and pyrrhotite.
Alterations include sodic orthoclase to kaolinite, seri-
cite, or cancrinite; nepheline to cancrinite, and pyroxene
to biotite. Analcime or sodalite and calcite (where
present) are late.
Some of the variants are briefly deseribed below:

MC-146.—Light-gray, medium-grained feldspathoidal leuco-
syenite, southwestern part of sec. 21. In thin section the rock
has a hypautomorphic-trachitoid texture and is composed of
analcime or sodalite, about 2 percent; nepheline partially altered
to cancrinite, about 4 percent; plagioclase probably albite, about
2 percent; kaolinized sodic orthoclase and perthite, about 82
percent; and neutral diopside-hedenbergite almost completely
altered to brownish-green biotite, sphene (some euhedral), and
pyrrhotite, about 10 percent.

MC-233—Light-gray fine-grained nepheline syenite; south-
eastern part of sec. 20. The rock has a hypautomorphic-trachi-
toid texture and contains analcime or sodalite, about 2 percent;
nepheline partly altered to cancrinite, about 15 percent; sodic
orthoclase partly altered to cancrinite, about 71 percent; and
aegirine-diopside, fluorite, pyrrhotite, and clinozoisite(?), about
12 percent.

M C-234.—Light-gray medium-grained feldspathoidal leuco-
syenite, same locality as MC-233. The rock has a hypautomor-
phic-trachitoid texture and contains analcime or sodalite, about
4 percent; nepheline partly altered to cancrinite, about 6 percent;
kaolinized sodic orthoclase and perthite partly altered to sericite,
about 85 percent; and sphene, brown to colorless garnet, brown-
ish-green biotite, brownish-green hornblende, and pyrrhotite,
about 5 percent.

L-325.—Light-gray, medium-grained alkalic syenite, same
locality as MC-233 and MC-234. The rock has a hypautomor-
phic trachitoid texture and contains late calcite associated with
garnet, analcime, kaolinized sodic orthoclase partly altered to
sericite, yellowish-green biotite, muscovite, colorless garnet inter-
grown with sphene, apatite, magnetite-ilmenite, pyrite, and
pyrrhotite.

Chemical and spectrographic analyses, the norm,
and the mode of feldspathoidal leucosyenite (table 8)
are distinctly different from the previously desecribed
nepheline syenites. The K,O is higher than Na,O-—a
rarity in Magnet Cove rocks. This relationship is
brought out in the mode by the high content of sodic
orthoclase. Nepheline (21.3 percent) appears in the
norm but not in the mode because sericite alteration
and biotite and muscovite (low-silica minerals) occur
in the mode whereas this silica deficiency shows in the
norm as nepheline. The FeOQ/Fe;0; ratio of the chem-
ical analysis is not reliable because a soluble sulfide,
pyrrhotite, is present in the mode. The isotropic min-
eral in the mode is interpreted to be analcime, since SO,
and Cl are low in the analysis.

Trace elements equal to or greater than 0.01 and in
order of abundance include Sr, Ba, Zr, V, Nb, and La.

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

TaBLE 8.—Analyses, norm, and mode of feldspathoidal leuco-
syenite, in percent

Chemical Speetrographic Norm Mode
54.67 Soda orthoclase | 82
20.83 3
.20 1
3.69 4
.82 1
.20 2
2.59 4
.20 Magnetite-
ilmenite
5.27 Pyﬂte-pyrrho- 3
8.43 Apatite (tr.)-.--.
.09
1.60
.35
.60
.03
.01
.01
.23
1.48
100. 80
.84
99.96

n.d.=not determined.
Looked for (spectrographlcally) but not found: B, Se, Y, Ce, Yb, Hf, Th, Ta, Cr,
. W, U, Re, Co, Ni, Ru, Rh, P4, Os, Ir, Pt, Ag, Au Zn. Cd, Hg, In Ti. Ge.

Sn As Sb Bi 'Te.

L-325, Alkalic syenite SEY sec. 20.

Standard chemical analysm by M. K, Balazs.

Spectrographic analysis by Sol Berman.

Mode by L. V. Blade.

SPHENE-CANCRINITE SYENITE

A sphene-cancrinite syenite, at least 0.04 percent of
the exposed igneous rocks of the complex, is found in the
northeastern part of sec. 17 as a small dike in jacupi-
rangite and in the eastern half of sec. 24 as small
irregular shaped bodies.

The rock is a gray- to dark-gray fine- to medium-
grained phanerite. In thin section the texture is holo-
crystalline hypautomorphic-granular and the minerals
include: anhedral sodic orthoclase partly altered to
cancrinite, calcite, and analcime or sodalite, 50 to 70
percent; anhedral cancrinite (late interstitial and alter-
ation product), 10 to 25 percent; and corroded diopside-
hedenbergite partly to completely altered to brown and
green biotite and leucoxene. Other minerals include
sphene, pyrite, pyrrhotite, apatite, and fluorite, 20 to
25 percent.

SPHENE-GARNET-NEPHELINE SYENITE

Sphene-garnet-nepheline syenite, less than 0.1 percent
of the exposed igneous rocks of the complex, occurs as
small dikes in jacupirangite or sphene pyroxenite. The
samples taken for thin section all came from sec. 17.

The rock is a light- gray to gray, fine, to medium-
grained phanerite. In thin section the texture is holo-
crystalline hypautomorphic-granular and the minerals
include: anhedral sodic orthoclase partly altered to
calcite, cancrinite, and sodalite or analcime, 30 to 80
percent; anhedral to euhedral nepheline partly altered
to calcite, cancrinite, and sodalite or analcine, 12 to
40 percent; and anhedral to euhedral green aegirine.
Accessory minerals include sphene, anhedral zoned
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(brown to colorless) garnet, biotite (reddish-brown and
green), apatite, magnetite, pyrite, pyrrhotite.

A few minor syenite units are mapped as miscella-
neous syenites. Rocks from two of these bodies are
described below:

MC-164.—Altered, gray medium-grained alkalic syenite
(NE}, sec. 17). This rock apparently intrudes jacupirangite
and sphene pyroxenite. In thin section the texture is holo-
crystalline hypautomorphic trachitoid, and the minerals include:
sodie orthoclase partly altered to sericite, cancrinite, and calcite,
about 92 percent; and colorless to brown garnet, brown and green
biotite, and pyrite, about 8 percent.

MC(C—212—Altered, gray medium-grained alkalic syenite
(NW)isec. 19). This rock occurs as a mappable body in contact
with several rock types. However, all contacts are float contacts
so relative ages are unknown. In thin section the texture is
holocrystalline hypautomorphic-trachitoid, and the minerals in-
clude: sodic orthoclase and some perthite partly altered to
cancrinite, calcite, and analeime or sodalite, about 80 percent;
and green biotite, apatite, yellowish-brown acmite, green aegir-
ine, pyrite, and magnetite-ilmenite, about 20 percent.

JACUPIRANGITE AND SPHENE PYROXENITE
DISTRIBUTION AND DESCRIPTION

Jacupirangite, a magnetite pyroxenite that may con-
tain a few percent of feldspathoids, constitutes about 10
percent of the exposed igneous rocks of the complex.
It crops out at two localities in Magnet Cove and
forms magnetic highs which are helpful in delimiting
the boundaries of the unit on the map (pl. 1).

The largest body of jacupirangite occurs in sec. 17
and ranges in composition from sphene pyroxenite (by
reaction with novaculite along the contact) to mel-
teigite. Swarms of light-colored, vertical dikes of
nepheline syenite, ijolite, and melteigite ranging from
less than 1 inch to 3 feet in width cut the jacupirangite
and stand out in bold relief on weathered surfaces.

The second and smaller body of jacupirangite makes
the magnetic high and topographic low on the west
side of Magnet Cove in secs. 24 and 13. No fresh
rock is exposed but banks of highly magnetic saprolite
cut by resistant dikes and stringers of nepheline syenite
indicate the character of the rock. One residual knot
of moderately fresh rock in the saprolite was composed
almost entirely of pyroxene and magnetite. The limits
of this rock mass were determined from magnetometer
readings (fig. 3) and from panned concentrates of
saprolite.

Called eleolite mica syenite (cove type) by Williams
(1891) and jacupirangite by Washington (1901), the
rock is typically a dark-gray fine- to medium-grained
phanerite that weathers to a dark-brown or mottled
reddish-brown and olive-green saprolite. Pyroxene is
the chief constituent and always comprises more than
50 percent of the rock. Magnetite is abundant. Apa-
tite, biotite, sphene, garnet, and perovskite are always
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FIGURE 3.—Map showing distribution of jacupirangite_inferred from high magne-
tometer readings, in gammas. After magnetometer survey map made by Heiland
Research Corp. for U.S. Bureau of Mines (written communication, 1942).

present, sometimes in proportions greater than 10 per-
cent. Zeolite formed from the alteration of nepheline,
calcite, and cancrinite is common. Other accessory
minerals include pyrite and pyrrhotite.

The pyroxene crystals (salite) up to 10 mm long
appear to have formed an early crystal mush. Many
of the grains have a light-green to colorless core that is
rimmed by pink-tinted titanaugite; other grains have
ravaged edges marked by formation of sodic pyroxene
or biotite. Inclusions of magnetite, perovskite, and
apatite are common.

Magnetite-ilmenite in grains as much as 6 mm across
comprise about 2 to 25 percent of the rock. Some of
the grains are rimmed with perovskite and have apatite
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inclusions. In some thin sections this assemblage plus
brown to colorless garnet, aegirine-diopside, sphene,
pyrite, biotite, and apatite occur in veinlets cutting the
rock and appears to be a late introduction. Small rods
of ilmenite (?) occur as minor inclusions in the pyroxene.

The panned concentrate of saprolite of jacupirangite
contains magnetite, pyroxene, sphene, apatite, perov-
skite and (or) garnet, mica, and clay aggregates. From
an X-ray analysis of the clay- and silt-size portion of
the saprolite, A. J. Gude 3d (written communication,
1956) reported major chlorite, minor montmorillonite,
and a trace of kaolinite (?).

Two noteworthy varieties of the jacupirangite are
produced by reaction with sedimentary rocks. A small
body of sphene pyroxenite in the northeastern part of
the complex has formed from the reaction of jacupi-
rangite and Arkansas novaculite. KExposures are
poor and the contact with novaculite is covered with
colluvium.

The color of the rock in hand specimen depends on
the amount of sphene present, but this fine- to medium-
grained phanerite is typically dark gray with reddish-
gray and greenish-gray variations. In thin section the
texture is hypautomorphic-granular, and mineralogi-
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cally there are two types represented by MC-151 and
MC-172 described below:

MC-151—Sphene pyroxenite composed of faintly pleochroic
(pale yellowish-brown to pale bluish-green) diopside-hedenberg-
ite, about 67 percent; anhedral to euhedral sphene, about 8
percent; apatite, about 4 percent; anhedral brownish-violet
perovskite rimmed with sphene, about 1 percent; pyrite, about
1 percent; and a late interstitial mixture of birefringent zeolite
and analcime or sodalite group minerals which replaces pyroxene
in part, about 19 percent.

MC-172.—Quartz sphene pyroxenite composed of very pale
green diopside rimmed with green aegirine-diopside; euhedral
and anhedral sphene; apatite; pyrite; pyrrhotite. Orthoclase,
perthite, plagioclase probably albite, quartz, calcite, and myrme-
kitic intergrowths of quartz and orthoclase occur as late intro-
duced minerals in the interstices between pyroxzene grains. The
lack of perovskite suggests that silica from the novaculite com-
bined with titanium and iron to form silicate (sphene) rather
than the oxide (perovskite).

At the contact with Stanley shale, the rock is a
meladiorite consisting of pyroxene (50 percent), plagio-
clase (30 percent), biotite (5 percent), with accessory
magnetite, sphene, and apatite. The plagioclase,
oligoclase-andesine (Ab;An;), occurs as large, late-
forming, optically continuous areas that poikilitically
include pyroxene crystals. It seems probable that

TABLE 9.—Analyses, norm, and modes of jacupinangite, in percent

MC-173 | L-81-2 O] MC-173 L-81 L~124 MOC-173 MC-173 L-81 1124
Chemical analyses ? Spectrographic analyses 3 Norm Modes 4
0. 0008 0. 0001 0.0002 || ane._ ... 16.96 || Diopside-hedenberg- 8 8
ite (salite).
.5 .2 .2 2.62 || Magnetite-ilmenite.... } 5 10
.05 .05 .1 6.53 || Pyrite-pyrrhotite..._._
0 0 . 003 .14 || Perovskite___.____ - 3 5
.002 . 006 . 006 37.15 || Sphene_.__ - 2
. 008 . 008 .01 1.54 || Apatite. 6 5
.03 .03 .05 7.40 || Biotite__ 1 2
n.d. .09 n.d. 11.14 || Calcite.
.001 . 0005 .001 1.28 || Zeolite_. . 4
.04 .04 .04 7.60 || Analcime and (or)
sodalite group.
.07 .04 .05 504 {| Garnet..._____________ 1
.002 .03 .04 .72
. 0001 . 001 . 002 .20
Colorimetric analyses &
.00 | Mo-__.._.{ .001 0 . 002
.17 || Mn.. .2 .2 .2 AS. .- 0. 001 0. 001 0.001
n.d. || Fe... >10 4 >10 . 0001 . 0001 . 0001
nd. || Coan_.__ . 005 . 002 . 005 .013 .013 .015
Radiometric analyses 8
.17 2.19 n.d. . 001 . 002 . 0005
.38 | n.d. .02 .03 .01 eU. . 0.001 0. 001 0. 001
Total...._ 99.96 ... ... 100. 72 . 002 . 002 .002
Chemical analyses 7
Less O__. .26 U e 0. 00049 n.d. n.d.
The s . 00339 n.d. n.d.
99.70

! T'ype jacupirangite from Brazil, Washin%ton (1901).
T’ Star;dard chemical analyses. MC-173 . Berthold; L-81-2 by L. N
arrant.
:38 Spectrographic analyses. MC-173 by J. D, Fletcher; L-81 and 1~124 by Sol
erman.
4 Modes by L. V. Blade.
8 Colorimetric analyses by H. E. Crowe and A. P. Marranzino,
¢ Radiometric analyses by B. A. McCall.
? Low-level chemical analyses for uranium and thorium by J. C. r.Antweile

n.d.-—not determined.
Looked for (spectrograghically)but not found: Hf, Th, Ta, W, U, Re, Ru, Rh, Pd,
Os, Ir, Pt, Ag, Pb, Au, Zn, C4d, Hg, In, T, Ge, As Sb Bi, Sn.

MC-178. Jacupirangite, NEY sec. 17.

1~81. {:;cupuangma, near center of sec. 17. Mode on fresh rock, analyses on
saprolite.

I~81-2. Apatite from L-81.

L-124. Saprolite of jacupirangite, NE} sec. 17.
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sufficient silica was added from the shale to make
plagioclase; sodic orthoclase would not be developed
since the potassium content of the original magma was
very low and is used in biotite.

CHEMISTRY

Chemical and spectrographic analyses, norms, and
modes of jacupirangite and sphene pyroexnite are given
in tables 9 and 10.

The presence of an acid-soluble sulfide, pyrrhotite,
renders the FeO/Fe,O; ratio of the analyses unreliable.

The analyzed rock (table 9) is similar to the type
jacupirangite from Brazil, but is Jower in SiO,, total
iron oxides, and MgO and higher in Al,O;, Na,0, KO,
and P,0;.

Felsic minerals occur in the norm calculation but not
in the mode. The CaO and ALQO; of normative an-
orthite is in modal pyroxene; K;O of normative leucite
is in biotite; Na,O of normative nepheline is in zeolite
and analcime.

It is noteworthy that although jacupirangite has the
highest content of magnesia (7.77 percent) of all rock
types in the complex, the pyroxene (salite), which makes
up 78 percent of the rock, does not have the highest
content of magnesia of all pyroxenes (table 56). This
is partly explained by the high magnesia content of
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more than 10 percent in early crystallized magnetite
(magnesioferrite) and partly by the abundance of
pyroxene in jacupirangite.

The sphene pyroxenite has a higher SiO, and lower
Al,O; and total iron content than the jacupirangite and
reflects the reaction of typical jacupirangite with
novaculite.

Trace elements that exceed or are equal to 0.01 per-
cent include Sr, Ba, V, Zr, La, Cu, and Y. Distribu-
tion of the trace elements within the rocks is shown by
the analyses of minerals separated from the analyzed
rocks (tables 11 and 12).

1. Strontium ocecurs mainly in apatite (1 percent), perovskite,
sphene, and pyroxene.
2. The bulk of the zirconium is in sphene (0.1 to 0.19 percent)
with lesser amounts in apatite and pyroxene.
. Vanadium oceurs in all mineral separates but is particularly
enriched in magnetite (0.2 percent), pyroxene, and apatite.
4. Niobium is concentrated in perovskite (0.3 percent) and
sphene (0.1 to 0.15 percent).
5. Lanthanum and yttrium are concentrated chiefly in perovs-
kite, sphene, and apatite.
6. Copper was detected in all separates but is most abundant
in pyrite, perovskite, magnetite, and apatite.
7. Cobalt and nickel are concentrated chiefly in pyrite with
lesser amounts in magnetite.
8. Molybdenum was detected only in zeolites.

w

TaBLE 10.—Analyses, norms, and modes of sphene pyroxenite, in percent

Sample No. Sample No. Sample No. Sample No.
MC-172 | 1-326 MC-172 | 1-326 MC-172 | 1-326 MC-172 | L-326
Standard chemical Spectrographic analyses ? Norms Modes 3
analyses !
49.10 46.01 |} Be_____._.__ 0 0.0001 || Qoceocenenis 7.38 5.94 || Diopside-hedenbergite and aegi- | 73 85
rine-diopside.
3.1 1.92 6.12 3.34 || Sphene 20 8
3.21 3.80 9.96 1.57 || Apatite_...__ 1 3
6. 52 9.66 .5 .4 3.23 7.85 || Pyrite-pyrrhoi 1 1
.30 .50 .05 . 001 39.99 47.74 || Orthoclase.
7.35 6.35 0 0 13.57 13.92 || Perthite....
19.63 21.76 . 002 . 003 3.02 1.62 ([ Albite__.___ 5 3
0 .03 . 008 . 004 9.88 9.73 || Quartz_______
1.60 1.25 .02 . 009 4,03 3.36 (| Caleite ..o oo
1.04 .60 n.d. 0 .07 .16
.18 .06 . 0006 . 0005 1.35 1.96
.26 L1 7.0 n.d. .70 2.00
5.21 5.10 .02 .03
.32 .91 0 n.d
1.68 1.38 . 058 .3 n.d,
.59 0 008 .03 n.d.
.08 .02 0004 . 002 n.d.
.16 .20 003 . 001
55 1.06 2 n.d
Radiometric analyses §
100. 89 100. 72
Less O......_ .36 .61 | Coo________ . 005 . 004
eU e <0.001 0.001
100. 53 100,11
.003 . 001
0 .03 Chemical analyses ¢
0 0
.002 0
U.. 0. 00020 n.d.
Th... . 00048 n.d.

Bllstandard chemical analyses. MC-172 by 8. M. Berthold and L-326 by M. K.
alazs.
3 Spectrographic analyses. MC-172 by J. D. Fletcher and 1326 by Sol Berman.
3 Modes: MC-172, R. L. Erickson; L-326, L. V. Blade.
4 Colorimetric analyses by H. E. Crowe and A. P. Marranzino.
§ Radiometric analyses. MC-172 by B. A. MecCall and L-326 by D. L. Schafer.

8 Low-level chemical analyses of uranium and thorium by J. C. Antweiler.
N.d.=not determined.
Looked for (spectrographically) but not found: Hf, Th, Ta, W, U, Re, Ru, Rh, Pd.
Os, Ir, Pt, Az, Au, Zn, Cd, Hg, In, Ti, As, Bi, Sn.

MC-172, Sphene pyroxenite, NEJ4 sec. 17.
L-326. Sphene pyroxenite, NW sec. 16.
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TABLE 12.—Spectrographic analyses, in percent, of mineral separates of sphene pyroxenite

MC-172-5 MC-176 MC-177 MC-1724 MC-172-3 MC-172-1 MC-172-2
0 0 0 0 0. 0002 0 0
n.d. . 00x . 00x n.d. n.d. n.d. n.d.
. 002 . X . X .05 .4 .07 . 003
. 004 . 00x . 00x . 002 .02 .09 .01
0 0 0 . 0004 . 002 0 0
0 .0x .0x . 037 . 001 0 0
0 . 0x . X .02 0 0 . 005
0 . 00x . 00x 0 0 0 0
.2 >10 >10 >10 .2 .03 .02
0 . 0x . 0x .14 0 0 0
0 .29 .12 .15 .2 . 001 0
0 .22 .20 .12 0 0 0
0 . 000x . 000x 0 . 0004 0 0
.02 . 0x . 0x .01 .2 . 003 . 002
n.d. 2.5 2.0 n.d. n.d. n.d. n.d.
22 0 0 0 . 007 0 0
.12 0 0 . 006 . 004 0 0
.09 . 00x . 00x .01 .01 . 002 . 001
0 0 0 0 0 . 002 0
0 . 00x . 00x 0 0 0 0
. 007 0 0 0 0 0 0
____________________________________ 3.4+.1 3. +.3 2. 55+.05 2.65+.05
Indices of refraction !
Ol e =1. 693 +. 005
B e =1, 699 +. 005
Y e e e e e =1.7124. 005
1 Determined by D. J. Jameson.
n.d. = not determined.
xi="%ound but quantity not determined.
Looked for but not found: B, Ce, Th, P, Ta, Mo, W, Re, Pd, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, Ge, As, 8b, Bi.
EXPLANATION OF SAMPLES
Analyst
Sample X-ray
X-ray Spectrographic
MC-172-5______ Pyrite._________ H. J. Rose.
MC-176________ Sphene_________ J. D. Fletcher.
MC-177________|.____ do__.__.___ Do.
MC-172-4______|.____ do_..._.___ H. J. Rose
MC-172-3.____._ Diopside. . _____ Monoclinic pyroxene probably diopside_.____ F. A. Hildebrand_.____..__ Do.
MC-172-1______ Orthoclase______ Feldspar probably microcline or sanidine___|-____ Ao Do.
MC-172-2______ Quartz_. ... ____ Do.

9. The greatest concentration of beryllium (0.005 percent) is
in a thomsonite-gonnardite type of zeolite.
10. Most of the scandium is in pyroxene.

Comparison of the content of trace-elements of the
saprolites with the content of the fresh rock indicates
that Nb, Se, and Cr are concentrated during weathering
and Be and Sr are lost. Resistant magnetite probably
accounts for most of the concentration of chromium and
a part of the scandium, and resistant perovskite, sphene,
and garnet probably account for most of the concentra-
tion of niobium and a part of the scandium.

GARNET-BIOTITE MELTEIGITE
DISTRIBUTION AND DESCRIPTION

A small area of melteigite, about 0.4 percent of the
exposed igneous rocks of the complex, was mapped in the

northeastern part of sec. 18 and the northwestern part
of sec. 17 (pl. 1). Good exposures are rare and most of
the area was delimited by means of float and saprolite.

The rock contains rounded phenocrysts of brown
biotite set in a dark-gray groundmass. Occasionally
irregular inclusions of ijolite are found. In thin section
the fine- to medium-grained groundmass has a holo-
crystalline xenomorphic-granular texture and is com-
posed of very pale brown diopside-hedenbergite rimmed
with pale-green diopside and partly altered to brown
biotite; pale-green diopside, pale-brown to greenish-
brown biotite, brownish-violet perovskite rimmed with
sphene and some rimmed with brown garnet; brown to
colorless garnet some intergrown with sphene; apatite;
magnetite-ilmenite; pyrrhotite; and nepheline partly
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TABLE 13.— Analyses, norm, and mode of garnet-biotite melteigite, in percent

Chemical Spectrograpbic Colorimetric Norm Mode !
MC-113 MC-113 1-86 MC-113 L-86 MC-113 MC-113
40.08 0. 0004 0.0001 || As.— - 0.002 0.003 4.73 {| Nepheline ... __________ 21
11.74 .04 .08 Sbo.ooo . 0001 . 0003 16.13 || Sodalite group_ oo oo oo 5
7.19 .18 .2 Woeeeeoo2 <. 001 n.d. 17. 32 || Orthoclase-nepheline intergrowth 6
4.76 . 0009 .002 Zn__._____ .018 .050 .28 || Diopside-hedenbergite 30
.32 . 0022 .004 Phocoeo <. 0005 nd. 34.99 || Biotite_____._ ________ 9
6.72 037 .02 .42 || Garnet_.._. 22
15. 69 0 .0003 6.19 || Sphene.._. 5
.14 062 .02 U2 .002 .001 3.94 |} Apatite__. .5
3.89 096 .05 4.48 (| Pyrrhotite._ 1
3.47 .014 .03 6.54 || Magnetite__
.06 . 018 . 002 2.02 || Caleite oo . .5
.87 0 .001 .00019 n.d. .31
3.4 .14 .4 . 00055 nd. 120
.18 . 0045 . 005 .50
.87 . 0065 .001
.13 .024 . 004
.04 .003 .003
.24
. 65
Total.. .. 100.48
Less O__ .44
100. 04

1 Mode by D. J. Jameson,
2 Radiometric analyses.
3 Chemical analyses.
n.d.=not determined.
Looked for (spectrographically) but not found: B, Ce, Hf, Th, P, Ta, W, U, Re, Rh,
Pd, Os, Ir, Pt, Ag, Au, Zn, Od, Hg, In, T1, Ge, Sn, Pb, As, Sb, Bi, Te.

Standard chemical analyses by L. M, Kehl.

altered to cancrinite, sodalite group minerals or analcime,
and calcite. A calcite veinlet and an intergrowth of
sodic orthoclase and nepheline were found in the
analyzed rock.

CHEMISTRY

Chemical and spectrographic analyses, norm, and
mode of the garnet-biotite melteigite, table 13, empha-
size the feldspathoidal character of this rock type and
its close association to the ijolite group. Thenardite
in the norm probably appears in the mode as a member
of the sodalite group. Fluorine in the analysis is in
biotite and apatite.

Compared with Nockolds’ average melteigite (table
18), the analyzed rock is lower in SiO,, Ca0Q, Na,0, CO,,
and P,O;; and higher in Fe,0;, MgO, K,O, and TiO,.

Trace elements in the rock that are equal to or exceed
0. 01 percent include Mn, Sr, Ba, La, Zr, V, Nb, Cr, Ni,
and Cu. Spectrographic analyses of minerals separated
from the analyzed rock show the distribution of the
trace elements (table 14).

1. Strontium occurs chiefly in apatite and pyroxene.

2. Barium occurs in biotite (0. 4 percent) probably as potassium
replacement. The bulk of the barium, however, is probably
in felsic minerals, none of which could be separated for
analysis.

3. Lanthanum and yttrium are chiefly in perovskite and apatite

with lesser amounts in garnet.

Zirconium is concentrated in garnet and sphene.

. Most of the vanadium is in magnetite, garnet, and sphene.

. Niobium is concentrated in perovskite and sphene.

. Chromium and copper are detected in all analyzed minerals
but chromium is concentrated chiefly in magnetite and bio-
tite and copper in magnetite and apatite.

8. Most of the nickel occurs in biotite (0. 02 percent).

N E- NN

Spectrographic analyses. MC-113 by H. J. Rose; L-86 by Sol Berman.
Colorimetric analyses by H. E. Crowe and A. P. Marranzino.
Radiometric analyses by B. A. McCall. .
Low-level chemical analyses for uranium and thorium by J. C. Antweiler.
MC-113. Garnet-biotite melteigite, NW4 sec. 17,

1-86. Saprolite of garnet-biotite melteigite, NWY sec. 17.

TaBLE 14.—S8pectrographic analyses of mineral separates of
garnet-brotite meltergite, in percent

C- | MC- | MC- | MC- | MC- | MC- | MC- MC-
113-1 | 113-d | 113-2 | 113-3 | 113-a | 113-¢ | 113-e 113-b
0 0 0 0 0. 0007 0
002 .5 .1 04 }1-10 >10 1-10
.1 .03 .3 1. .4 .9 .2
.002 .008 .009 | .08 .03 .01 .4
n.d. nd. | .002 0 0 0
.001 . U06 . 0005 006 .001 . 0008
.04 .02 .03 0 0 0
.2 .03 06 .2 0 0 0
. n.d. n.d. n.d. | .0007 | O 0 0
>10 >10 >10 .05 |1-10 .6 1-10
0 .2 .08 |0 02 . 002 . 002
.04 .2 .1 .04 01 .01 01
. .01 .2 0 .02 0
.001 .01 .02 .0001 .02 .003 .06
.04 .3 .03 .008 .05 .09 .
>10 >10 1.7 .07 [1-10 1-10 1-10
.003 | 0 0 0 .002 .003 . 004
0 0 0 .004 . 006 .02
01 . 002 .003 02 .006 .003 .003
.004 | 0 0 .003 .002
nd. | 0 .002 n.d. n.d. n.d. n.d.
0 0 0 0

n.d.=not determined.
Looked for but not found: Ce, Th, Ta, Mo, W, U, Re, Rb, Pd, Ir, Pt, Ag, Au, Cd,
Hg, In, Ge, Pb, As, Sb, Bi.

EYPLANATION OF SAMPLES

Analyst
Sample X-ray
X-ray Spectrographic
MC-113-1....| Magnetite_..____ H. J. Rose.
MC-113-d...| Perovskite_ ... Dysanalyte W. F. Outer- | J. D. Fletcher.
(columbian bridge.
perovskite)
MC-113-2..__| Dark-colored H.J. Rose.
garnet.
MC-113-3__._| Sphene_______.___ Do.
MC-113-a_..| Apatite J. D. Fletcher
MC-113-c_...| Diopside- Mongoclinic W. F. Outer- Do.
hedenbergite. pyroxene. bridge.
MC-113-e___.| Diopside------_. Diopside- |-.... T Lo MO Do.
sphene.
MC-113-b.__| Biotite._._.._.._ Do.




IGNEOUS

Spectrographic analysis of the saprolite, 1.-86,
indicates that Sr, Se, Y, Yb, Nb, and Mn are concen-
trated and Be, Zr, V, Cr, Ni, and Cu are lost during
weathering.

Resistant perovskite accounts for part of the concen-
tration of Sr, Y, and Nb; resistant garnet accounts
for part of the concentration of Sc, Y, and Mn ; resistant
apatite accounts for part of the concentration of Sr

and Nb.
INTERMEDIATE RING

The intermediate ring of igneous rocks is composed
chiefly of fine-grained rocks and breccias of trachytic
and phonolitic composition, which the writers believe
represents the earliest phase of intrusive activity at
Magnet Cove. Although the complex has been
deeply eroded, the fineness of grain, abundance of
breccia, and high volatile content of these rocks suggest
that the intermediate fracture ring was the original
channelway to the surface and supplied explosive
volcanic material to the surrounding area.

Rutile-bearing veins and irregular masses of meta-
morphosed sedimentary rocks are most abundant in
this unit.

The rocks described in this section include altered
phonolite and undivided trachyte-phonolite.

ALTERED PHONOLITE
DISTRIBUTION AND DESCRIPTION

The altered phonolite unit, about 7 percent of the
exposed igneous complex, is a dark-gray aphanite
that weathers to a mottled greenish-gray and reddish-
brown saprolite with a fine-grained texture. The
unit is most abundant in the western half of the
intermediate ring.

Good exposures of the altered phonolite occur in
the western part of sec. 18 where the contact with the
fine-grained chilled border phase of younger garnet
pseudoleucite syenite is exposed in the stream that
cuts through the ridge.

In thin section the rock is porphyritic with a trachytic
or xenomorphic-granular groundmass and ranges in
composition from alkalic trachyte to nepheline trachyte
or phonolite. The chief minerals are pyroxene pheno-
crysts up to 2 mm long that are altered to green biotite,
calcite, and magnetite; hexagonal outlines of former
nepheline phenocrysts replaced by calcite, biotite, and
fine-grained anhedral nepheline; and pyrite cubes in a
fine-grained groundmass of calcite, nepheline, ortho-
clase, and green biotite shreds. Apatite prisms up to
1 mm long appear as phenocrysts. Sodalite, fluorite,
and sphene are accessory. Both pyrite and calcite are
particularly abundant in and near the breccia.

One of the most interesting features of this rock is
the uniform abundance of calcite (15 to 20 percent)
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throughout the mapped phonolite bodies. It occurs
chiefly as small grains, 0.02 mm, disseminated in the
groundmass, and sometimes as coarse-grained anhedral
patches that suggest recrystallization of the calcite. It
is clearly a late-forming mineral because together with
biotite and magnetite, it replaces early formed pyroxene
and nepheline crystals.

In many samples of the phonolite, fine-grained green
biotite (0.015 mm) comprises more than half the rock;
it ranges from 20 to 60 percent. Biotite, like calcite,
is a deuteric mineral formed at the expense of early-
formed mafic minerals which were the source of magne-
sium and iron.

Fresh pyroxene is very rare in the phonolite; a few
remnants of diopside-hedenbergite mantled with
aegirine-augite are present in some thin sections.
Lath-shaped relics of former phenocrysts up to 2 mm
long are outlined by rims of fine granular magnetite.
The interior of the grains consists of fine-grained calcite,
biotite, and magnetite.

Hexagonal aggregates of calcite, biotite, and fine
granular nepheline(?), outlined by fine granular mag-
netite indicate the presence of former euhedral nephe-
line phenocrysts. For the most part, the felsic min-
erals occur with biotite and calcite in the groundmass
as a fine-grained composite and are difficult to iden-
tify. Some of the rock was treated with dilute HCI
which produced abundant silica gel indicative of
feldspathoids.

Euhedral pyrite in crystals up to 0.5 mm across is a
late-forming mineral and poikilitically includes parts
of the groundmass. Locally pyrite exceeds 10 percent
of the rock.

Locally the rock is a breccia containing fragments
that include pieces of metamorphosed sedimentary
rocks, altered pyroxene-rich rocks, and fragments simi-
lar to the interstitial altered phonolite. In some places
phonolite fragments are predominant, and the brec-
clated character of the rock is not readily apparent

except on weathered surfaces. Good exposures of brec-
cia in the southwestern part of sec. 19 on the west side
of Cove Creek contain abundant angular fragments
averaging 1 inch in diameter that are composed of the
same material as the groundmass. This suggests that
the rock is an intrusive breccia formed by repeated
pulses of phonolitic magma into previously partly
cooled rock in the conduit of a volcano. One inclusion
of light-colored syenite about 4 inches across indicates
that at least some of the syenites are older than the
altered phonolite. Upstream the breccia is very coarse,
contains boulders as much as 3 feet across, and is cut
by a pseudoleucite tinguaite dike. The predominant
pieces are metamorphosed shale and novaculite. The
included igneous types are chiefly pyroxene-rich por-
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TaBLE 15.—Analyses and norms of altered phonolite, in percent

MC-114 | MC-229 MC-114 | MC-229 |MC-114a|M C-114b|M C-114¢ MC-114 | MC-229
Chemical analyses ! Spectrographic analyses 2 Norm

1.53

16. 68 21.13

32.49 16.77

4.45

11. 64 19. 60

.70 1.17

.43 .99
42

3.86

7.98 4,58

1.86 2.09

4.26 5.32

1.34 1.68

.39 .62

1.68 4,58

17.40 10. 20

Colorimetric analyses 3
0. 004 n.d.
. 0002 n.d.
001 n.d.
018 n.d
Radiometric analyses ¢
1 0 SO 0. 003 0. 005
Chemical analyses §
U... 0.00033 { 0.00040
Th.. . 00043 . 00110

lSta%dard chemical analysis. MC-114 by L. M. Kehl and MC-229 by L. N.
arrant.,

2 Spectrographic analyses. MC-114 by H. J. Rose; MC-114a, b, ¢, by J. D.
Fletcher; and M C-229 by Harry Bastron.

3 Colorimetric analyses by H. E. Crowe and A. P. Marranzino.

4 Radiometric analyses by B. A. McCall.

& Low-level uranium and thorium analyses by J. C. Antweiler,

n.d.=not determined.

phyritic basic rocks. The coarse breccia at this locality
may be a contact breccia not related to the intrusive
breccia deseribed above.

Following is a description of the analyzed samples
(table 15):

MC-114.—Altered phonolite. In thin section the rock has a
microporphyritic texture. Lath-shaped relics of pyroxene(?)
crystals up to 2 mm long are outlined by rims of fine-grained
magnetite surrounding an aggregate of fine-grained green bio-
tite, calcite, magnetite, and leucoxene. The fine-grained xeno-
morphie granular groundmass consists of green biotite, pyrite,
magnetite or ilmenite, and sodic orthoclase and nepheline partly
altered to calcite, cancrinite, and a sodalite group mineral.
Euhedral apatite and late cubes of pyrite are scattered through-
out the groundmass. Visual estimates of mineral percentages
are: sodic orthoclase, nepheline, cancrinite, sodalite, 30; cal-
cite, 15; biotite, 44; magnetite—ilmenite, 6; pyrite, 3; apatite, 2;
leucoxene, trace.

M(C-229.— Altered phonaolite breccia. The breccia fragments
average less than 1 inch in diameter and are composed of the
same material as the groundmass, altered feldspathoidal trachyte.
In the trachytic groundmass, euhedral apatite, anhedral sphene,

Looked for (spectrographically) but not found: Li, Cs, Ce, Hf, Th, P, Ta, W, U,
Re, Ru, Rh, P4, Os, Ir, Pt, Au, Zn, Cd, Hg, In, T1, Ge, 8n, As, 8b, Bi, Te.

MC-114. Altered phonolite, W4 sec. 18,
MC~229. Altered phonolite, NE¥4 sec. 29.
MC-114a. Pyrite separate from MC-114.

MC-114b. Magnetic (hand magnet) fraction of heavy concentrate.
MC-114c. Nonmagnetic fraction of heavy concentrate.

anhedral magnetite, and anhedral green biotite are disseminated
in sodic orthoclase, sodalite group minerals, plagioclase, and
nepheline all partially replaced by calcite, sodalite group min-
erals, and cancrinite. Euhedral and anhedral pyrite is late. A
visually estimated mode follows: calcite, 10; sodic orthoclase,
plagioclase and nepheline, 55; sodalite group minerals, 5; biotite,
20; pyrite and magnetite, 5; apatite and sphene, 5.

CHEMISTRY

Chemical and spectrographic analyses and norms of
this rock type are given in table 15. The chemical anal-
yses most closely resemble that of ijolite, particu-
larly in the K,0-Na.O ratio and silica content. Silica
is much too low for a normal phonolite and it seems
doubtful that it would escape during deuteric alter-
ation in a quick-cooling rock. However, if the analy-
sis is recalculated omitting the CO, the silica content
would more closely approximate that expectable in a
phonolite.

There is little agreement between the chemical anal-
yses and the estimated mode. There is not suffi-
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cient K;O and MgO to make a rock containing more
than 40 percent common biotite. This suggests that
the green mica is a biotite of unusual composition in
which sodium probably substitutes for potassium and
ferrous iron for magnesium. If so, normative corun-
dum, olivine, and a portion of albite and nepheline
appear in the mode as biotite. Thus the salic portions
of the norm are reduced to a more reasonable agree-
ment with the mode. The fluorine is probably also in
the modal biotite. The isotropic mineral of the mode
is interpreted from the high Cl and SO; in the analysis
to be a member of the sodalite group.

In general, the rock was too fine grained to separate
the various minerals but a pyrite separate was hand
picked for spectrographic analysis (table 15). Iron,
cobalt, nickel, and lead are concentrated in the pyrite.
Two separates of that portion of the rock greater in
specific gravity than 3.3 were made with the hand mag-
net. The most magnetic fraction is dominantly mag-
netite-ilmentite, and the other fraction is a mixture of
pyrite, pyroxene, and leucoxene (table 15).

Trace elements in the whole rock that exceed or are
equal to 0.01 percent include Sr, B, La, Ti, Zr, V, Nb,
and Mn. Of these Sr, Ti, V, Nb, and Mn seem to be
concentrated in the heavy fraction of the rock.

ORIGIN

The uniform distribution and abundance of calcite
in the altered phonolite suggest that the alteration of
this rock is not due to local hydrothermal activity but
is a product of deuteric reactions. The magma, heav-
ily charged with CO,, water, Cl, and F, cooled quickly
so that all the gases did not escape but reacted with
the early formed mafic minerals to form calcite, biotite,
and magnetite, but still preserving the crystal outline
of the mafic minerals. The feldspar and to some extent,
the nepheline, appear to have been less subject to deu-
teric alteration. This interpretation agrees with our
concept of volcanic activity at Magnet Cove. Thus,
this rock represents the portion of phonolitic magma
trapped in parts of the ring conduit during the waning
stages of volcanic eruption.

Local hydrothermal activity associated with the em-
placement of feldspar-carbonate-rutile veins in the frac-
tured and brecciated phonolite introduced additional
carbonate to this rock unit, particularly in sec. 18.

UNDIVIDED TRACHYTE-PHONOLITE
DISTRIBUTION AND DESCRIPTION

The undivided trachyte-phonolite unit, about 20 per-
cent of the exposed igneous complex, forms the horse-
shoe-shaped ridge that separates the garnet ijolite from
the garnet-pseudoleucite syenite in the eastern half of
the complex. These are the rocks that Williams (1891)
mapped as metamorphosed sandstones and shales.
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The trachytes-phonolites are all holocrystalline
aphanites that range in color from light gray to greenish
gray and dark gray and include alkalic trachyte, calci-
alkalic trachyte, and nepheline trachyte or phonolite.
Porphyritic, microporphyritic, trachytic, subtrachytic,
xenomorphic granular, and amygdaloidal textures are
represented. They weather to a fine-grained gray to
brown saprolite. Locally the rocks are brecciated and
contain abundant calcite and pyrite. A coarser grained
foliated rock that occurs in contact with garnet ijolite
has been mapped separately as banded trachyte.

Mineralogically the rocks contain such felsic minerals
as sodic orthoclase, plagioclase (albite or andesine),
nepheline, analcime, and sodalite group minerals.
Mafic minerals are diopside-hedenbergite, biotite,
garnet, hornblende, aegirine, and aegirine-diopside.
Sphene, magnetite-ilmenite, pyrite, pyrrhotite, apatite,
and fluorite are accessory minerals. There are no
extensive exposures of the trachyte-phonolite but fresh
rock is readily available from the abundant float and
intermittent outcrops.

Abundant breccia float is found just south and east
of the center of sec. 19. The angular breccia fragments
average less than 1 inch in diameter, and are similar in
composition and grain size to the groundmass trachyte
except for a higher percentage of dark minerals. A few
very dense and light-colored fragments may be pieces
of sedimentary rocks.

In the southwestern part of sec. 19, a breccia is well
exposed on the east bank of Cove Creek. Angular
fragments of metamorphosed sediments up to several
feet across and smaller, less abundant fragments of
fine- to coarse-grained pyroxene-rich rocks are found in
a matrix of altered melaphonolite.

The undivided trachyte-phonolite grades into a
banded trachyte that becomes progressively more
foliated and coarser grained toward the garnet ijolite
contact (pl. 1). The nearly vertical foliation banding
trends parallel to the garnet ijolite contact and the ring
structure of the trachyte. In thin section the foliation
consists of layers of anhedral equidimensional crystals
of light- and dark-colored minerals alternating with
discontinuous layers of predominantly dark-colored
minerals. The layers bend around the inclusions of
dark-colored pyroxene-rich rocks that are locally present
in the foliated zone.

Some of the variants of the undivided trachyte are
described below:

MC-138 (NW1/4 sec. 19).—Altered phonolite with amygda-
loidal texture. The groundmass is composed of plagioclase,
sodic-orthoclase, and nepheline all partly replaced by zeolites
(about 50 percent of the rock); ragged brownish-green horn-
blende; anhedral green biotite; apatite; sphene; pyrite; and
magnetite rimmed with sphene. The edge of the amygdules is
usually rimmed with pale-brown to colorless garnet (andradite?)
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and the centers contain calcite, colorless diopside, pyrite, zeolite,
garnet and wollastonite.

MC-170 (NE1/4 sec. 20).—Phonolite (table 16). The texture
is xenomorphic granular. About 80 percent of the minerals in
the rock are felsic and include nepheline, minor albite, and sodic
orthoclase slightly altered to sericite. The remaining minerals
are brownish-green hornblende (about 15 percent) and the
accessory minerals—sphene, brown garnet, pyrite, pyrrhotite,
apatite, colorless fluorite and rare calcite.

MC-227 (SWY sec. 20).—Altered alkalic trachyte (table 16).
In thin section aggregates of pale-brown biotite and anhedral
magnetite appear to have replaced early phenocrysts of pyrox-
ene(?). These together with the disseminated darker minerals,
pale-brown biotite, magnetite, sphene, apatite, pyrite, and green
hornblende occur in a subtrachytic groundmass of sodic ortho-
clase and albite. Melilite(?), colorless to brown garnet, colorless
diopside, and calcite appear to have been introduced as small ir-
regular veinlets. An estimated mode of the rock shows the fol-
lowing proportions: 55 percent sodic orthoclase and albite, 30
percent biotite and the remaining minerals in accessory amounts.

L-122 (NEY sec. 20).—Saprolite of calci-alkalic trachyte
(table 16). In thin sections of hard rock, corroded phenocrysts
of anorthoclase or sanidine are scattered through a subtrachytic
groundmass of sodic orthoclase, andesine, greenish-brown biotite,
magnetite, pyrite, and pyrrhotite. There is a minor sericite
alteration of the anorthoclase and sodic orthoclase. Material in
the concentrate panned from the saprolite occurs in the follow-
ing order of abundance: clay aggregates, feldspar, and magnetite.
From an X-ray analysis of the clay minerals in the clay- and
silt-size portion of the saprolite, A. J. Gude 3d (written commu-
nication, 1956) reported major illite and minor montmorillonite.

L-162 (NEY sec. 24).~—Microporphyritic alkalic trachyte.
Corroded phenocrysts of diopside-hedenbergite and magnetite
with sphene are set in a subtrachytic groundmass of sodic ortho-
clase that forms subhedral laths and equidimensional anhedra.
The sodic orthoclase is partly altered to deuteric analecime(?),
cancrinite, and calcite. The diopside-hedenbergite is altered to
aegirine-diopside and brown biotite. Sphene forms a reaction
border on the magnetite. Pyrrhotite is rare.

L—-152a (central part of sec. 19).—Phonolite. The rock has a
xenomorphiec granular texture, and consists of about 15 percent
nepheline and analeime or sodalite group, and about 77 percent
sodic orthoclase. The remainder consists of brownish-green
biotite and less abundant pyrite, magnetite, and sphene.

L-85 (NWY; sec. 20).—Saprolite of banded alkalic syenite
(table 16). In thin section the rock appears as an equigranular
mosaic of orthoclase (about 68 percent), plagioclase (about 5
percent), sodalite or analcime (about 3 percent), and dark-colored
minerals (about 25 percent) including olive-green hornblende,
green aegirine-diopside and accessory apatite, sphene, magnetite,
and pyrite. Some of the orthoclase and hornblende erystals con-
tain poikilitic inclusions of other minerals. Magnetite crystals
are commonly rimmed with sphene. Material in the panned
concentrate occurs in about the following order of abundance:
clay aggregates, orthoclase, weathered pyrite, magnetite, sphene,
and apatite. From an X-ray analysis for the clay minerals on
the clay- and silt-size portion of the saprolite, A. J. Gude 3d
(written communication, 1956) reported major kaolinite and
minor montmorillonite.

MC-171 (NW?Y4 sec. 20).—Banded nepheline syenite (table 16).
In thin section a few ravaged and cloudy phenocrysts of ortho-
clase remain in an equigranular mosaic of orthoclase (clear),
nepheline, cancrinite, sodalite, green hornblende, green aegirine-
diopside, sphene, apatite, colorless to pale-green biotite, pyrrho-
tite, and zoisite(?).
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L-159 (SW14 sec. 20).—Dark-gray, very fine-grained foliated
melaphonolite. The texture is xenomorphic granular with the
dark-colored minerals in slightly smaller equant crystals than the
light-colored minerals. The minerals include orthoclase, albite,
nepheline partly altered to cancrinite, neutral to very pale green
diopside, and the accessories—sphene, pale-brown biotite,
pyrrhotite, and apatite.

L-101 (central part of sec. 19).—Calci-alkalic trachyte. The
texture in most of the thin sections is xenomorphic equigranular
but in some subhedral orthoclase laths lie with the long dimen-
sion roughly parallel to the foliation. Estimated mineral per-
centages are: orthoclase, 58; andesine, 20; perthite, 2; and the
dark minerals (about 20 percent) which include green hornblende
and accessory amounts of sphene, apatite, biotite and magnetite.

In general, the contact between banded trachyte and
garnet ijolite is poorly exposed. However, in the cen-
tral part of sec. 19 (I.-153, pl. 1) a fair exposure of
garnet ijolite near the contact has a crude foliation
caused by an imperfect segregation of light- and dark-
colored minerals. In thin section the rock shows a
xenomorphic granular texture and is composed of
nepheline (about 40 percent), a micrographic inter-
growth of orthoclase and nepheline (about 40 percent),
zoned brown to colorless garnet, pale-green diopside
partly altered to pale-red and pale-green biotite, and
accessory apatite, pyrite, magnetite, and sphene. The
ratio of orthoclase to nepheline in the intergrowth is
about 2 to 1. This is probably a contaminated garnet
ijolite. Sample I.-161, from a poor exposure in central
part of sec. 20, appears to be the same rock in the same
relationship to the contact as that described above.
In thin section, however, there is only about 8 percent
orthoclase and no intergrowth with nepheline. This
rock is even closer to the feldspar-free garnet ijolite.
The interpretation is that younger garnet ijolite near
the contact has reacted with the more silica-rich
trachyte producing some orthoclase in the garnet ijolite.

CHEMISTRY

The chemical and spectrographic analysis and norms,
table 16, of the undivided trachyte-phonolite and
banded trachyte show the phonolitic composition of
these rocks; however, CaO and total Fe are higher and
silica is lower than in average phonolite.

The analyses also show a wide composition range for
these rocks, particularly in CaO and alkali. High
Cl and SO; in the banded trachyte (MC-171) suggests
a member of the sodalite group in the mode. Fluorine
occurs in the apatite and biotite.

In the altered alkalic trachyte, MC-227, not enough
K,0 was reported to make the abundant orthoclase
and biotite, and the amount of MgO reported is also
insufficient to make a rock containing 30 percent of
normal biotite. Sodium and perhaps some calcium
probably substitute for potassium and ferrous iron
for magnesium.
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the undivided trachyte-phonolite, in percent

MC- | MC- | MC- MC- | MC- | L- | MC-171| MC- | L-85 MC- | MC~ | MC- MC-
170 227 171 @) 170 227 122 171-1 170 227 171 1
Standard chemical analyses 2 Spectrographic analyses 3 Norms Mode#

52.60] 50.48| 49.62| 56.90 0 0. 0002 0.001 0 0. 0009 .61 Orthoclase... ... 37
22.18( 20.98| 19.13] 20.17 n.d.f .1 1-10 n.d. .4 43.92| 20.02| 28.36|| Nepheline..__.__ 21
.29 2.29 1.04 2. 26| nd.| .2 | >10 nd| .5 12.58| 34,58/ 14.15|| Cancrinite....__ 1
3 83| 5.16 5 59 1. 85! .08 .07 .o .05 .08 13.62| 18.63! 8.06{| Sodalite group-. 6
.27 .29 .23 .19 .1 .2 .2 . 002 3 18. 74 8.52| 22.72|| Aegirine- 21
diopside.
. 33| 1.65 1, 68| .58 0 . 004 0 1] . 002 .35|| Hornblende__.__ 5
3.67 5.11 6. 52 1.88 0 0 . 0003 . . 002 . 14|| Biotite__________ 1
. 29 .18 .14 .007 1 0 .007 .04 . 002 .11|| Sphene_...._____ 1
5.61 5. 96 6.93 8.72 .02 . 009 .02 .04 0 1.43 15. 52|/ Apatite.......__ 1
7.4 3. 39 4.81 5.42 .0002| 0 . 0004 n.d. . 0005 3.07 5. 66, Pyrrhotite.. ... 6
.10 L1 .07, 1.1 .2 1.9 (>10 1 .46 3. 25| 1.39
1.61 .99 . 63| .96 .04 .05 .03 .4 .05 1.37 4. 26| 3.80
.71 2.21 1.97 .59 .02 . 008] .029 .2 .04 .34 1.01 1.01
.00 .31 .05 .01 .01 .02 .3 .02 .78 .62 .39
.07 .37 .38 .17 .001 | .002 .001 L0008 .002 1. 95 . 69) 2.91
.11 .01 .10 .13 0 . 0007 .001 .70
<.0m .00 . 25 .23 .1 .09 .2 .07 .2 .58
. 36 .35 .22 n.d.| 3.0 [ 1-10 nd.| 5
1.02 . 36| 1.57 .001 | .002 .002 0 .002
100.46{ 100.20{ 100.93 1] .001 .001 . 006 . 0009
. .24 .93 0 .001 .003 .02 . 002
002 | .004 .001 .005
99.80|  99.96/ 100.00 0 0 0 . 003 n.d.
0 .001 0 . 001
Colorimetric analyses 5
As__..|<0.001 0.001 | <0.001 <0. 001
Sbh___. . 0001 . 0002 .0003 . 0002]
Zn.... .0 .01 <.002 .013
Radiometric analyses ¢
eU_...| 0.006 | 0.003 |0.005 0.004 0. 002
Chemical analyses 7
U..._. 0.00043| 0.00025 0. 00029
Th... .00101] . 00069 . 00053
1 Average phonolite (Nockolds, 1954). n.d.—not determined.
2 Standard chemical analysis. MC-170, MC-171 by 8. M. Berthold; M C-227 by Looked for (spectrographically) but not found: Li, Cs, Ce, Hf, Th, P, Ta, W, U,

L. N. Tarrant,

3 Spectrographic analyses. MC-170, MC-171 by J. D. Fletcher; MC-227 by
Harry Bastron; L-122, L-85 by Sol Berman; M C-171-1 by H. J. Rose.

4 Mode by D. J. Jameson.

5 Colorimetric analyses by H. E. Crowe and A. P. Marranzino.

8 Radiometric analyses by B. A. McCall.

7 Low-level uranium and thorium chemical analyses by J. C. Antweiler.

Compared with the average of the analyses of the
igneous rocks in the Magnet Cove complex (table 46)
the trachytes are lower in MgQ, total iron, MnO,
Ca0, CO,, P,0;, SO;, and higher in SiOQ; and AlO;.

Trace elements that exceed 0.01 percent include
Sr, Ba, La, Zr, V, and Nb. Spectrographic analysis
of sphene from the banded trachyte show that Zr,
Nb, V, and Cu, are concentrated in this mineral.

ORIGIN

As mentioned previously these rocks were mapped
by Williams (1891) as metamorphosed sandstones
and shales and his interpretation has been followed by
later workers in the area. However, the field and
laboratory evidence indicates an igneous origin for
these rocks. Following are the observations that led
us to this conclusion:

1. Trachytic and phonolitic composition, mineralogically and
chemically,
659634—62—3

Re, Ru, Rh, P4, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, "T1, Ge, As Sb Bi Te.
MC-170. Phonolite, NEY4 sec. 20.
MC-171. Banded nepheline syenite, NWI sec. 20.
MC-171-1. Sphene from MC-171
L-85. Saprolite of banded alkalic syemte N W14 sec. 20.
L-122. Saprolite of calci-alkalic trachyte, NE% sec. 20,

2. Lack of any residual sedimentary structures or bedding
throughout the entire width of exposure—up to 2,500
feet. Paleozoic units cannot be traced through this unit.

3. Trace element distribution is about the same as in other
igneous rocks of the area.

4. Local development of breccia with trachyte matrix.

5. Projection of the sedimentary section from outside the
complex would put novaculite in position ag one of the
units to be metamorphosed. It is not reasonable that
metamorphism of novaculite would produce a subsilicic
rock,

6. Arcuate shape of the rock body, discordant to the folds
in the sedimentary rocks but similar to those of other
intrusive bodies.

INNER CORE

The inner core rocks occupy a topographic basin
and consist chiefly of mineralogic and textural varieties
of ijolite, carbonatite, and lime-silicate rocks.
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IJOLITE
DISTRIBUTION AND DESCRIPTION

Tjolite, a feldspar-free rock composed chiefly of
nepheline, pyroxene, titanium garnet, biotite and
magnetite, occupies a topographic low in the central
part of the complex and has been divided—on the
basis of grain size, and the proportion of biotite—into
two map units, biotite-garnet ijolite and garnet ijolite.

Biotite-garnet ijolite, about 7 percent of the exposed
igneous rocks of the complex, occupies the central
part of the basin and is well exposed in the creekbed
in front of the Magnet Cove church on U.S. Highway
270. It is surrounded by garnet ijolite and the contact
appears to be gradational. Colluvium and alluvium
are thick over parts of the area particularly at the
lower altitudes and outcrops of fresh rock are very
scarce. The samples for chemical analyses were
taken from resistant boulders in saprolite.

Biotite-garnet ijolite ranges from a medium grained
to a very coarse grained phanerite (pegmatitic).
Masses of nepheline, garnet, and magnetite as much
as 4 inches across and mica plates that reach 6 inches
across occur as local segregation pods and stringers.
The color of the fresh rock is a mottled mixture of the
white and pink of nepheline, white of zeolites, brown
and black of garnet, green of diopside, green and
black of biotite, and some yellow of pyrite. The
unit shows increasing intensity of alteration on ap-
proaching the lime silicate mass exposed in the Kimzey
magnetite pit in the NW7 sec. 20.

Garnet ijolite ranges in composition from a dark-gray
fine-grained phanerite to a meuium-grained mottled
phanerite. Both rock types weather to a saprolite
mottled in gray, brown, pink, and black.

Although the grain size and relative proportions of
the minerals of the ijolitic rocks vary widely (urtite
to melteigite), the absence of feldspar and abundance of
black titanium garnet is diagnostic. In thin section
these rocks have a holocrystalline hypautomorphic-
granular texture. The chief minerals are nepheline,
black titanium garnet, pyroxene, and biotite partly
altered to phlogopite. Apatite, pyrrhotite, perovskite,
sphene, and primary calcite are accessory minerals.
Thomsonite is abundant as an alteration product of
nepheline particularly around the periphery of the mag-
netite pit area in sec. 20, and on Cove Creek where the
ijolite is in contact with carbonatite. Canecrinite and
calcite are other common alteration products; late-
forming biotite is sometimes developed at the expense
of pyroxene.

The largest single crystals and masses of nepheline
are found in the ijolite and range from less than 1 mm
to several inches in diameter. The color ranges from
greasy grayish white to brown to deep pink. Com-

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

monly the large crystals have only a residual core of
nepheline and are replaced by white birefringent zeolite,
calcite, cancrinite, idocrase, colorless garnet, pectolite,
and tremolite. Nepheline (10 to 95 percent of the rock)
is older than garnet or biotite but probably later than
pyroxene.

A light-green diopsidic pyroxene with high birefring-
ence is generally the earliest formed mineral and
comprises from less than 5 to more than 50 percent of
the rock. Many of the grains have a mottled appear-
ance under crossed nicols, caused by patches of slightly
greener pyroxene that go to extinction at a different
position from the almost colorless material. The green
patches appear to be early and residual, have slightly
lower birefringence and are most abundant in the in-
terior of the grains. No pyroxene crystals larger than
1 inch in diameter have been observed whereas some
crystals of garnet, mica, and nepheline are several inches
in diameter.

Garnet is a late-forming mineral that occurs both as
irregular anhedral masses and as euhedral crystals.
Poikilitic inclusions of altered nepheline and pyroxene
are common. The color of the garnet in thin section
ranges from light brown to very dark brown which
probably is a reflection of the titanium content. In
some thin sections of the biotite-garnet ijolite, the
garnet contains residual cores of purple perovskite.

Biotite, probably closer to phlogopite, is pleochroic
in shades of light green. A few residual brown patches
suggest that original dark-brown biotite has been altered
to a pale phlogopite mica. The mica, like garnet, is
a late-forming mineral and commonly occurs as mica-
rich stringers or dikelets in the ijolite.

CHEMISTRY

Chemical and spectrographic analyses, norms, and
modes of garnet ijolite and Dbiotite-garnet ijolite,
table 17 are similar to Nockolds’ average ijolite (table
18). The only appreciable consistent difference is the
lower Na,0 and higher CaO in the Magnet Cove rocks.
The Magnet Cove ijolites are characterized by high
CaQ, high alkali and low silica. Individual rocks show
appreciable differences in SiQ,, Fe;Q,;, P;05, and TiO,
which are a reflection of the relative proportions of the
chief constituent minerals. The high H,0% reflects
zeolite alteration of nepheline.

A member of the sodalite group in the mode is de-
duced from the sulfur trioxide in the analyses; fluorine
in the analysis is probably in biotite.

Trace elements in the ijolites that are equal to or
exceed 0.01 percent include: Sr, Ba, Zr, and V.

Spectrographic analyses of minerals separated from
the ijolite group (tables 19 and 20) show the distribution
of the trace elements.
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TaBLE 18.—Average and type urtite, ijolite, and melteigite

Chemical analyses (percent) Modes (percent
1 2 3 4 5 6 4 5 [
Si0g e 42. 59 42, 58 41. 90 45. 43 42. 79 40. 64 || Nepheline. . ________ 85. 72 49, 41 20. 86
AlOs o 27. 42 18. 46 12. 20 28. 77 19. 89 10. 58 || Cancrinite._..._.____ 4. 83
FesOs o __ 2. 49 4. 01 6. 41 3. 10 4. 39 4. 18 || Muscovite_.___.____ 1. 23
FeO .. 1. 89 4. 19 4. 32 . 40 2. 33 4.18 || Apatite_ . ___.______ 1. 97 4. 02 4. 53
MnO-_ . .09 .20 .22 .41 .28 il Biotite_ ... _____ 6. 16
MgO_ ... . 69 3.22 5. 45 .22 1. 87 6. 47 || Pyroxene . __.______ 11. 96 41. 86 47. 14
CaO_ 4. 38 11. 38 16. 60 1. 86 11. 76 19.91 || Garnet—_ . __.__.____ 2. 15 4. 43
BaO___ . ______ .11 || Sphene_____________ 1. 67 4 23
NaOoooo . 14. 12 9. 55 5.10 16. 16 9. 31 4.75 || Microlith.________.__ . 86
KO ____ 3. 82 2. 55 2. 66 3. 38 1. 67 1. 86 || Magnetite-. ________ . 61
P 0 S .99 .14 || Caleite.wco oo 5. 50
HO4 oo .42 55 87 .27
TiOge o oo .35 1. 41 2. 21 1. 10 2. 24
COpeee e 1. 30 .38 82 2. 08
PO . .44 1. 52 1. 24 1.70 1.91
Clo. .. .03
P .12
S . .05
ZI'Oz ______________ .10
Totalo o ||| . 99. 32 99, 81 99. 90

1. Nockolds’ average urtite (1954).
2. Nockolds’ average ijolite (1954).
3. Nockolds’ average melteigite (1954).

1. Strontium i concentrated in apatite, calecite, and pyroxene.

2. Beryllium and molybdenum are concentrated almost exclu-
sively in zeolite (up to 0. 02 percent Be and 0. 003 percent
Mo).

. Lanthanum and yttrium are in perovskite and apatite.

. Scandium occurs chiefly in diopside.

. Zirconium is concentrated in sphene (0. 6 percent) and dark
garnet.

6. Vanadium occurs chiefly in garnet, diopside, sphene, and

apatite.

7. Niobium is concentrated in perovskite and sphene with lesser
amounts in dark garnet.

. Cobalt, nickel, and copper oceur chiefly in pyrite and to a
lesser extent, in garnet. Copper also occurs in concentra-
tion up to 0. 01 percent in perovskite.

9. Gallium ocecurs chiefly in the felsic minerals but is also detected

in biotite and garnet.

ov - W

Spectrographic analyses of the saprolites show the
following effects of weathering on the trace elements:
a loss of Be and Sr; and a gain of Ba, Sc,Y, Zr,Nb, Cr,
Ni, and Cu. Resistant perovskite accounts for a part
of the concentration of S¢, Y, Nb, and Cu; resistant
garnet accounts for the concentration of Zr and a part
of the Se, Y, Nb, Cr, Ni, and Cu; resistant biotite
accounts for a part of the concentration of Ba, resistant
apatite accounts for a part of the concentration of Y
and Or; resistant magnetite probably accounts for a
part of the Cr, Ni, and Cu.

FINE-GRAINED XJOLITE

DISTRIBUTION AND DESCRIPTION

Fine-grained ijolite, about 5 percent of the exposed
igneous rocks of the complex, is found as a topographic

4, Type urtite—Lujavre-Urt, Kola Peninsula—Ramsay, 1896, from Johannsen (1938)
5. Type ijolite—Iiwaara, Finland-Ramsay and Berghell, 1891, from Johannsen (1938),
6. T'ype melteigite—Fen District, Norway—Brogger, 1921, from Johannsen (1938).

low in the west-central part of the complex. Fresh
rock exposures are rare, but saprolite is abundant. The
concealed contact between altered phonolite and fine-
grained ijolite was delimited by samples of saprolite
taken with a power auger, but the alluvium in Cove
Creek valley, which conceals the contact between fine-
grained ijolite and garnet ijolite, could not be penetrated
with the auger.

The rock ranges in composition from melteigite to
ijolite; in grain size from a dense aphanite to medium-
grained phanerite; and in color from gray and greenish
gray to dark gray. It weathers to a saprolite colored
various shades of brown and gray and often mottled in
these colors. The dense aphanite is easily confused
with the dark trachytes except that when the garnet
content of this ijolite is high the rock has a distinctive
resinous luster. The chief minerals are pyroxene,
biotite, nepheline, and garnet. The textures include
porphyritic, glomero-porphyritic, xenomorphic-granular,
micro-porphyritic, amygdaloidal, and fine-grained brec-
cia; all are holocrystalline.

Some of the variants are described below:

MC-217 (NWY% NWY sec. 19).—A dark-gray aphanite with
a few fragments of grayish-green altered alkalic trachyte. The
aphanitic groundmass has a xenomorphic-granular texture and is
composed of calcite, sodalite group, and nepheline partly altered
to cancrinite—about 15 percent; pale brownish-green biotite,
brown garnet (melanite), pale-green diopside, sphene, apatite,
magnetite-ilmenite, and pyrite—about 85 percent. The altered
alkalic trachyte fragments are composed of about 68 percent

sodic orthoclase; 2 percent calcite and analcime and (or) sodalite
group; and 30 percent brown biotite, sphene, apatite, and pyrite.
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TaBLE 19.—Spectrographic analyses of mineral separates of biotite-garnet ijolite, in percent

[Spectrographic analyses by H. J. Rose]

L-133-1 |MC-216-10] MC-216-7 | MC-216-8 | MC-216-9 MC-216-5 MC-216-4 | MC-216-6 MC-216-3 MC-216-1 | MC-216-2
0 0 0 0 0. 0003 0 0 0. 0005 0. 0005 0. 0006
n.d. n.d. n.d. n.d. n.d n.d. .01 n.d. .3 .3
.2 .05 .05 .01 .5 . 006 .84 .4 .01 .06
.002 0 0 . 002 . 003 .1 .02 .06 .001 .001
n.d. 0 0 0 0 . 002 . 002 . 001 .01
n.d. n.d. n.d. n.d. n.d n.d. .04 nd. | >10 >10
. 0004 . 0009 . 0009 0 0 0 0 0 0 0
.02 .03 .03 0 0 . 002 .02 0 0 0
.1 0 0 0 0 0 .04 0 0 0
>10 >10 >10 .6 .05 1.1 .006 .01 . 009 . 008
0 . .1 0 0 0 0 0 0 0
0 0 0 0 0 0 >10 0 0 0
.04 .2 .2 .09 .03 . 009 .1 .03 . 0056 . 008
.9 .03 .03 0 0 0 0 0 0 0
0 0 0 0 . 0003 0 . 0009 - 0004 0 0
0 0 0 0 0 0 0 0004 . 002 .003
.04 . 005 .3 .2 .3 .3 .01 007 01 .005
n.d n.d. n.d. n.d n.d. n.d. .04 n.d. 3 .3
0 . 002 .002 0005 . 005 0 0 0
. 009 . 009 . 0056 0 0 0 0 0
01 . 003 .01 . 0005 . 0002 . 001 . 0002 . 0004 . 0002 . 0006
. 001 . 0009 .001 . 0003 . 003 0 .003 . 002 . 002
003 .003 .003 002 .1 0 . 004 0 0 0
Specific gravity..oo oo ceeanas 411 3.5+.1 3.8+.1 3.8%.1 312 (oo 3.1+.2 2.65£.05 | 2.254.05 2.351.05
Indices of refraction !
e=1. 539 002 -
w=1. 545-+-. 002

! Determined by D. J. Jameson.
n.d.=not determined.

Looked for but not found: Ce, Yb, Th, Ta, W, Re, Pd, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, Ge, Pb, As, Sb, Bi.
EXPLANATION OF SAMPLES

Sample X-ray Analyst
L-133-1...___. Perovskite..__..
MC-216-10___|__.._: (s [ O
MC-216-7....| Dark garnet..... .
MC-216-8- - |ocn-- A0 eeemmeen Andl:%dglf(?) slightly larger | F. A. Hildebrand.

unit cell.

MC-216-9....| Yellow garnet...| Andradite .cceeoooeooaocuos Do.
MC-216-5-...| Diopside. -
MC-216-4.__.| Phlogopit -
MC-216-6-_..| Apatite--..-.__
MC-216-3....| Nepheline.......
MC-216-1.._.| Zeolite... Natrolite — Do.
MC-216-2____|--o_ do N [ S Do.

L~-327 (SWY4 sec. 17.)—Porphyritic micromelteigite composed
of corroded phenocrysts of very pale reddish-brown diopside-
hedenbergite rimmed with pale-green diopside and partly altered
to pale greenish-brown biotite, calcite, sphene, and brown garnet;
pale-green diopside; greenish-brown biotite; anhedral to euhedral
brown to colorless garnet; sphene; apatite; pyrrhotite; late
anhedral nepheline; late anhedral member of the sodalite group;
and late calcite.

L-3 (SWY sec. 18).—Gray, fine-grained ijolite with xenomor-
phic-granular texture and composed of pale greenish-brown
biotite, brown to colorless garnet, green aegirine, sphene, apatite,
pyrite—about 30 percent; and zeolite(?) which poikilitically
includes all of the above minerals—about 70 percent. The min-
eral tentatively identified as a zeolite is colorless, uniaxial positive,
birefringence about 0.008, and index less than 1.537. It probably
is an alteration product of nepheline. From an X-ray analysis of
the silt- and clay-size portion of the saprolite, A. J. Gude 3d
(written communication, 1956) reported major montmorillonite
and minor chlorite.

L-19 (NW sec. 19).—Greenish-gray ijolite with xenomorphic-
granular texture and composed of pale-green diopside, brown to
colorless garnet, pale greenish-brown biotite, sphene, apatite,

pyrite and magnetite—about 45 percent; an interstitial sodalite
group mineral or analcime and late calcite—about 55 percent.

L-92 (SWY% sec. 17).—Dark-gray ijolite with xenomorphic-
granular texture composed of sphene, brown to colorless garnet,
pale greenish-brown biotite, pale-green diopside, euhedral apatite,
and pyrrhotite—about 42 percent; interstitial nepheline and
sodalite group mineral or analcime——about 52 percent; and late
calcite——about 6 percent.

L-157 (SEY sec. 19).—This dark-gray aphanite has a fine-
grained amygdaloidal texture. The amygdules (up to 1 mm in
diam) are irregular in shape and are intermittently connected to
form chains that are crudely parallel and give a lineated appear-
ance to the rock. In thin section the amygdules are filled by
anhedral calcite and rimmed with brown to colorless garnet.
Minerals in the rock are pale-bluish-green hornblende, brown to
colorless garnet, brown biotite, sphene, colorless to pale-green
diopside, apatite, pyrite, pyrrhotite, and magnetite—about 55
percent; and nepheline partly altered to calcite and analcime or
sodalite group mineral-—about 45 percent.

Along Cove Creek north of the bridge on U.S. 270,
the fine-grained ijolite has been altered by the later
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TaBLE 21.—Analyses, norms, and mode of fine-grained tjolite, in percent

MC-217| L-327 McC-217 | L-327 L-3 L-19, L-92 1157 3%0; MC-217| L-327 1327
Standard chemical analyses! Spectrographic analyses 2 Norms Mode?
36.80 | 37.29 0.004¢ | 0.0002 0. 0006 0. 0004 0. 0002 0. 0003 or 3.89 || Nepheline...—....oc.. 14
13.28 | 14.41 n.d. n.d. 2 2 3 .9 nd. || ano...._ 3.34 3.89 || Analcime or sodalite 7
group.
7.58 4.23 n.d. nd. [>10 >5 >5 .1 n.d, 21.36 | 16.57 || Diopside-hedenbergite 40
3.71 6.10 .5 .9 .03 .02 .06 .02 .08 19.60 | 23.28 || Biotit 14
.33 .32 .2 .2 .4 .2 .2 .3 .03 .70 .59 || Garnet... 4
4.22 4.15 0 0 . 001 0 0 .003 |0 1.42 .43 || Sphene._.. 8
14.80 | 13.69 .0009 [ .002 .003 . 002 . 003 . 002 - 0009 22,90 | 22.46 || Apatite. . 3
.18 .14 . 005 .003 .01 005 . 006 . 004 .01 1.04 3.13 || Pyrrhotite [}
5.29 5.61 .01 .009 .03 . 006 .01 .02 0 5.04 Calcite... 8
4.62 4.22 nd. (0 0 0 .08 0 n.d. 1.86
.14 .04 .0003 | .0003 . 0007 . 001 . 0005 . 06005 n.d. 7.68 2.88
1.11 .69 n.d. n.d. 3 2 2 2 4.8 0.14
3.32 3.46 .03 .04 .03 04 .04 .04 .06 6.08 6. 54
1.54 3.29 .05 .1 .06 08 .03 .04 .1 2.35 2.02
.99 .77 .01 .02 .02 03 .02 .009 |0 .62 .47
.80 .19 .0007 | .003 . 005 .002 . 002 . 004 . 002 1.80 4.48
.41 .33 0 . 0008 0 0 0 3.40 7.50
.40 .32 .2 n.d. .3 .4 .2 .07 .2
.95 2.43 n.d. n.d. >5 >10 nd.
Total._...} 100.56 | 101.68 . 002 . 002 . 004 .002 . 001 .003 . 0008
Less O-... . 50 1.43 .001 . 0007 . 002 .001 .001 .0007 | .005
100. 08 | 100.25
CUaoo... .005 .01 .01 .007 .01 . 004 . 006
Gaaen-- . 003 .003 . 003 .003 . 002 . 004 . 001
Sn_..._. 0 1] 0 0 0 0 . 001
Pb....__ 0 0 . 001 0 . 004 .001 |0
Colorimetric analyses 4
<0.001 nd. 0. 003 0.002 0. 001 n.d.
. 0001 n.d. . 0004 . 0004 . 0002 nd.
.015 n.d. .025 015 .010 nd.
Radiometric analyses &
eU._.._.. 0. 003 0. 002 0.003 <0.001 0.002 | <0.001
Chemical analyses 8
0.00041| =n.d. n.d. nd. n.d. n.d.
. 00060 n.d. n.d. n.d. n.d. n.d.

1 Standard chemical analyses. MC-217 by L. N. Tarrant and L-327 by M. K.

Balazs, .
2 Spectrographic analyses. MC-217 by J. D. Fletcher; L-327, L-3, L-19, 1L-92,

1157 by Sol Berman; M C-217-1 by H. J. Rose.

3 Mode by L. V. Blade.

4 Colorimetric analyses by H. E. Crowe and A. P. Marranzino.

5 Radiometric analyses. MC-217, 1-3, L-19, L-92, L-157 by B. A. McCall; 1-327
by J. P. Schafer.

¢ Low-level chemical analyses for uranium and thorium by J. C. Antweiler.

n.d.=not determined.

carbonatite. Nepheline is replaced by zeolite (probably
thomsonite), brown garnet is partly altered to colorless
garnet and idocrase, biotite and diopside are bleached,
and a little tremolite (?) has formed. Abundant pale-
green biotite has formed along calcite veinlets in the
ijolite.
CHEMISTRY

The analyzed rocks (table 21) have a melteigite com-
position and are very similar to Nockolds’ average
melteigite (table 18); Si0;, MgO, Ca0, and P,O; are
lower, total iron oxides and NayO are about the same
and ALQO;, MnO, K;0O, TiO,, and CO, are higher. K,O
and TiO; are higher in these rocks than in the coarser
grained ijolite. H,O% is low, reflecting less zeolitic al-
teration in fine-grained rocks than in the more easily
attacked coarse-grained ijolite.

Looked for (spectrographically) but not found: Hf, Th, P, Ta, W, U, Re, Ru, Rh,
Pd, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, T1, Ge, As, Sb, Bi, Te.

MC-217. Micromelteigite breccia, NW14 sec. 19,

1-327. Porphyritic micromelteigite, SW14 sec. 17.

MC-217-1. Garnet (melanite) from M C-217.

1-3. Saprolite of fine-grained ijolite, NW sec. 19,

1-19. Saprolite of fine-grained ijolite, NW4 sec. 19.

L-92. Saprolite of fine-grained fjolite, SW4 sec. 17.

L-157. Saprolite of micromelteigite, SE4 sec. 19.

From the abundant Cl and SO; in the analyses, the
isotropic low index mineral in the mode is inferred to be
some member of the sodalite group. Apatite and bio-
tite probably account for the abundant fluorine.

Trace elements in the rock that exceed or are equal to
0.01 percent include: Sr, Ba, La, Ti, Zr, V, Nb, and Mn.

Spectrographic analysis of a dark-colored garnet sepa-
rated from MC-217 (table 21) show that Ti, Zr, V, Ni,
and Y are concentrated in the garnet.

Spectrographic analyses of saprolite compared with
those of the fresh rock indicate that La, Y, Yb, and Pb
are slightly concentrated and that Sr is lost during
weathering. Resistant garnet would account for the
concentration of Y and resistant sphene for the concen-
tration of La. The concentration of Yb and Pb is not
explainable on the available evidence.
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CARBONATITE
DISTRIBUTION AND DESCRIPTION

Masses of coarse-grained calcite (carbonatite) that
contain unusual accessory minerals including niobium-
bearing perovskite and zirconium garnet (kimzeyite)
are one of the most interesting rock types that occur
at Magnet Cove. The carbonatite, about 1.8 percent
of the exposed igneous rocks of the complex, is divided
into two map units—carbonatite and residual phos-
phate. Residual phosphate is characterized by abun-
dant float of a porous rock composed of apatite, mag-
netite, and perovskite in matrix of secondary apatite,
whereas the carbonatite is characterized by calcite out-
crops or residual apatite, magnetite, and perovskite in
the saprolite. Core drilling by W. A. Keith established
the presence of carbonatite under the areas mapped as
residual phosphate. ILogs and locations of the core
holes are given in table 22. The carbonatite mapped
in secs. 18, 19, and 20, represents the mappable bodies
of this rock type but small stringers of calcite in the
surrounding ijolite and reports of calcite found in sev-
eral wells and drill holes in the immediate vicinity sug-
gest that concealed bodies of carbonatite may exist.
Although the carbonatite is more resistant than the
surrounding ijolite, good exposures are rare; the best
occur along Cove Creek and in the Kimzey calcite
quarry in the northwestern part of sec. 19 (Fryklund,
Harner, and Kaiser, 1954).

TaABLE 22.—Descriptive logs of core holes

[All holes were drilled by W. A. Keith, lessee of much of the carbonatite area, with a
Cooper rig using a wire-line core barrel. The cores were logged by L. V. Blade.
Except where noted all descriptions are of recovered core; minerals are listed in de-
creasing order of abundance]

Hole L-130

Location: NW1/4 sec. 19.
Date drilled: August 23-28, 1954.

Depth (feet) Description

Cuttings taken at surface, 10, 12, and 20 ft.
Ijolite saprolite, weathered mica, garnet,
apatite, clay.

Cavernous section, no samples taken,
ably carbonatite.

Vuggy carbonatite, coarse-grained calcite (75
percent), apatite, clay, pyrite, rutile, mag-
netite partly altered to hematite, fine-grain-
ed calcite, perovskite, mica, wavellite.

Vuggy carbonatite, coarse-grained calcite (80
percent), apatite, clay, magnetite, partly
altered to hematite, pyrite, rutile, wavellite,
chalcedony (?).

Vuggy carbonatite, coarse-grained calcite (80
percent), apatite, clay, pyrite, magnetite
partly altered to hematite and limonite,
rutile, biotite, perovskite, pale yellow mica,
wavellite.

Cuttings, no core.
(90 percent),
rutile.

No sample. Driller’'s log shows that hard
rock (probably ijolite) was cut at 113 ft.

115-129_____._ Cuttings, 60 to 90 percent ijolite, 40 to 10

percent carbonatite.

120-139_ . ____. Ijolite cut by caleite veins.

139-145%._.__ . Cuttings. Calcite.

Prob-

Carbonatite, coarse calcite
apatite, pyrite, magnetite,

111115 ___

ALKALIC IGNEQOUS COMPLEX AT MAGNET COVE, ARK.

TABLE 22,—Discriptive logs of core holes—Continued
Hole L~130—Continued

Depth (feet) Description
14514-146%___ _ Ijolite and calcite with abundant biotite
along the contact between the two.
146%4-152______ Tjolite with small stringers of calcite.
152-1565______. jolite.
155-156.7______ Ijolite with pyrite-rich stringers at base of core.
Hole L-132

Location: NW sec. 20
Date drilled: August 30-September 17, 1954

Depth (feet) Description

Gossan composed of limonite, and minor hema-
tite, mica, pyrite, apatite and magnetite.

Transition zone composed of partly weathered
apatite-pyrite vein of grayish-green color and
limonite.

Partly weathered grayish-green apatite-pyrite
vein,

White clay. Minerals include pyrite, apatite,
rutile, perovskite(?). Probably a rutile vein.

Partly weathered grayish-green, apatite-pyrite
vein, and magnetite.

Apatite-magnetite rock. Magnetite up to 25
percent of rock.

Apatite-green biotite-magnetite rock. Apatite
85 to 90 percent.

Transition zone, apatite, biotite, magnetite,
calcite. Apatite 85 to 90 percent.

Carbonatite cuttings, calcite 75 percent, apa-
tite, biotite, magnetite.

Vuggy carbonatite, coarse-grained calcite 75
to 95 percent; apatite, biotite, magnetite and
pyrite.

Upper 0.9 ft carbonatite, coarse-grained yellow
calcite (90 percent), apatite, pyrite, biotite.

Lower 1.2 ft vuggy carbonatite, coarse- and
medium-grained calecite (60 percent), pyrite,
montmorillonite(?), clay, apatite, biotite,
minor garnet, rutile.

Soft interval, 227 to 230. Carbonatite, coarse-
and medium-grained calcite (some white,
black, and yellow, 90 percent), apatite, py-
rite, biotite, minor magnetite, pyroxene.

Upper half: carbonatite, coarse- and medium-
grained calcite (60 percent), pale-brown mica
(phlogopite(?)), biotite, pyrite, apatite.

Lower half: carbonatite, coarse- and medium-~
grained calcite (90 percent), pyrite, biotite,
minor pale brown phlogopite(?), apatite.

No sample.

Carbonatite, coarse-grained calcite (75 per-
cent), fine-grained calcite, biotite, phlogo-
pite(?), pyrite, minor apatite, garnet.

254-254, 7__._. Carbonatite, coarse-grained calcite (80 per-
cent), apatite, biotite, minor monticellite,
pyroxene, magnetite.

Carbonatite, coarse-grained calcite (60 per-
cent), monticellite, magnetite, apatite, minor
lemon yellow pyroxene, perovskite.

Carbonatite, coarse-grained calcite (80 to 95
percent), monticellite, apatite, pyroxene,
magnetite, biotite.

Carbonatite, coarse-grained calcite (55 to 95
percent), apatite, biotite, magnetite, pyrite,
pyroxene, amphibole.

Carbonatite, coarse-grained calcite (90 per-
cent), apatite, cryptocrystalline green ma-
terial, monticellite, magnetite, biotite, py-
roxene, cryptocrystalline red material.

Carbonatite, coarse- and medium-grained cal-
cite (60 percent), light-green cryptoerys-
talline material (a mixture of calcite and
probably amphibole), apatite, biotite, mag-
netite, minor green amphibole, monticellite,
pyrite, fine-grained purple caleite.

226-236______.

236-242__ _____

242-244_______
244-254__ _____

254, 7-256_ . __

256-266_ . __.__

266-289__ _____

289-294_______

294-299_ ______
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TABLE 22,—Descriptive logs of core holes—Continued
Hole L~132—Continued
Description

Carbonatite, coarse- and medium-grained cal-
cite (80 percent), fine-grained green material,
apatite, pyrite, biotite, magnetite, monti-
cellite, amphibole, pyroxene, perovskite.

Carbonatite, coarse- and medium-grained cal-
cite (70 to 95 percent), magnetite, apatite,
biotite, monticellite, fine-grained brown ma-
terial, fine-grained green material, pyrox-
ene, fine-grained red material, pyrite, gar-
net(?), and fine-grained white material.
gze{%VSkite detected in interval from 311-

t.

Depth (feet)
299-311

311-417

Hole L-135

Location: Perovskite™Hill N'W1/4 sec. 19.
Date drilled: September 26-30, 1954,

Depth (feet) Description

| O, Mixture of alluvium and carbonatite saprolite.
Alluvium in the slush pit 2 to 4 ft thick.

[ o P Magnetite (50 percent), coarse calcite, apatite,
perovskite.

819 e Carbonatite, calcite (90 percent), magnetite,

apatite, perovskite, pyrite.

Depth (feet)

COMPLEX
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TaBLE 22.—Descriptive logs of core holes—Continued

Hole L-135—Continued
Description

Very poor core recovery. Carbonatite-coarse-
grained calcite (50 to 95 percent), apatite.
monticellite, magnetite (some altered to
hematite), fine-grained calcite (red, brown,
and green), perovskite, amphibole(?), pyrite,
chalcedony(?), blue clay, rutile.

Hole L-134

Location: NE1/4 sec. 19.
Date drilled: September 19-25, 1954,

Depth (feet) Description

0-10__________ Mixture of carbonatite saprolite and alluvium,
In the slush pit 10 feet north of the hole,
alluvium is 2 to 3 ft thick lying on carbona-
tite saprolite.

10-106. .. _____ Carbonatite, calcite ranges from 90 to 95 per-

cent, apatite, biotite, magnetite, limonite,
hematite, manganese oxides(?), pyrite. Mi-
nor rutile detected in following intervals:
39-71 and 84-101 ft.

The rock is composed chiefly of white to light-gray

medium- to coarse-grained calcite with scattered irreg-

TasLe 23.—Analyses of carbonatite, in percent

Colorimetric
L-304 |L-166-2 L-304 L-12 L-166-a { L-117 L-1385 | L-170-a | L-170-b | L-131-a | L-131-b | L-131-c L-117
Standard Colorimetric
chemical Spectrographic analyses analyses
analyses
1.90 0. 06001 0 0.002 0. 0004 0.0005 0 0 0.0008 0.0005 | [0.0002 || As-..-| 0.0004
.33 n.d. .2 .5 .5 1 .3 .03 .03 .08 . 0004
.42 .5 .5 .9 .9 .9 .9 .9 .2 .2 .1 .02
.32 .1 .2 . 009 .3 .2 .02 . 009 .2 .2 .05
.26 0 0 .001 .001 .001 0 .001 .001 .001 . 001
1.05 0 . 004 .002 .007 . 007 .007 . 007 .002 .002 . 002
53.37 . 004 .01 .009 .04 .03 .05 .04 .01 .01 . 006
.00 .03 .06 .04 .08 .08 .2 .2 .02 .08 .02
.00 .3 .04 .3 .09 .5 .5 .02 .02 .02
.16 . 0005 .002 . 0004 .003 . 003 . 002 .002 .001 . 0007 . 0003
.04 n.d. .08 .6 .2 .6 1 1 .1 .07 .04
.12 .001 .002 .03 . 006 .02 .2 .2 . 003 . 002 . 003
.10 n.d. .X .X XX X X XX XX XX XX
39.41 .02 .03 . 004 .05 .06 .1 .1 .06 .04 .03
2.00 .05 .06 .02 .01 .2 .4 .02 . 009
.02 . 0007 . 0004 002 .002 . 0008 .001 . 001 . 0008 0008
.00 .01 001 [4} . 003 . 004 0 . 007 .009 §
.15 .67 n.d. .5 .1 .8 2 .5 .09 .5 .6 .1
.09 n.d. 2 2 3 >5 2 1
99.74 0 0 . 002 .003 .001 .003 . 002 0 0 [ { ——
.11 0 0 0 . 002 .001 .003 .004 .003 .003 L0006 || ...
99. 63
Cu.oeoooo. .001 .004 .03 .07 .01 .001 .001 .01 .01 . 004
0 0 . 002 .001 .002 .002 0 0 0 0
0 0 0 .008 .003 0 0 0 0 0
Radiometric analyses
U e <0.001 } <0.001 | <0.001 0.004 0.001 0.004 0.007 | <0.001 0.002 | <0.001
Chemical analysis
U e e e e e am <0.001 nd. n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd.

n.d.=not determined.
Looked for (spectrographically) but not found: Hf, Th, Ta, W, U, Re, Ru, Rh, Pd,
0s, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, T1, Ge, Sn, As, Sb, Bi, Te.

Standard chemical analyses. L-304 by M. K. Balazs; 1~166-2 by L.N.Tarrant,
Spectrographic analyses by Sol Berman,

Radiometrie analyses. L-304, by D. L. Schafer; all others by B. A. McCall.
Chemical analysis for uranium by J, P. Schuch,

Colorimetric analyses by H. E. Crowe and A. P. Marranzino.

1-304. Carbonatite, NW14 sec. 19,
L~-12, Black carbonatite, SW¥ sec. 18.

659634—62——4

L-168-a. Altered inclusion in carbonatite, NW4 sec. 19.
1~117. Carbonatite saprolite, N W sec. 19.
1-135. Carbonatite saprolite, NW see, 19,

L-170-a.
L-170-b.
19.
L-131-a.
L-131-b.
L-131-c.
L-166-2.

Carbonatite saprolite minus clay, NW sec. 19. .
Carbonatite saprolite minus clay, and hand magnetic fraction, NWY see.

Residual and secondary apatite, NW4 sec. 19.
Residual and secondary apatite, NW¥ see. 19.
Residual and secondary apatite, NW4 sec. 19.
Apatite from carbonatite.
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ular areas enriched in apatite, brown monticellite, mag-
netite, black perovskite, black zirconium garnet (kim-
zeyite), green biotite, and pyrite. Minute irregularly
shaped black inclusions agglomerated and disseminated
in the calcite have produced a black medium-grained
variant found in contact with the analcime-olivine
melagabbro in the southern part of sec. 18.

‘Inclusions of ijolite a few inches to more than 50 feet
across occur in the carbonatite. The larger blocks in
the quarry have reaction rims of varying thickness.
Fryklund, Harner, and Kaiser (1954) have described a
typical rim composed of three zones:

1. A narrow outer zone, usually less than 1 inch wide, of
magnetite and pyrrhotite lying in a medium-grained calcite
maftrix.

2. An intermediate zone rich in green biotite.
grains may reach 1 centimeter in diameter.

3. A fine-grained idocrase-rich inner zone of variable width,
in some cases including the whole block. A few large idocrase

crystals, reaching 3 to 4 centimeters in length, are present in
these zones.

Some biotite

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

The alteration of the ijolite inclusions is similar to
the alteration along the contact of the carbonatite and
ijolite and involved thorough replacement of nepheline
by zeolite (probably thomsonite), partial to complete
alteration of brown garnet to colorless garnet and ido-
crase, bleaching of the biotite, and the formation of
tremolite(?) and pectolite(?).

Weathering of the carbonatite yields two products—
a black or brown saprolite and the porous rock com-
posed of both residual and secondary apatite. The
latter rock was called tufa by Williams (1891), but
Fryklund, Harner, and Kaiser (1954) suggested it was
a product of weathering, and we concur. Near the
Kimzey calcite quarry the secondary apatite can be
seen on the surface of the fresh rock. Several apatite
samples were analyzed (tables 23 and 24). The samples
are described below:

L-131, 181a, 131b, and 131c—These samples are composed of
residual apatite, magnetite, and perovskite in a matrix of sec-

TABLE 24.— Analyses of saprolite of carbonatite, tn percent

L~117 | L~117-a | L-117-b | 1~131 1-135 1-135-a | L-135-b | L~170-a | L~170-b
Standard phosphate analyses
[Analysts. G. Edgington and E. Y. Campbell]
11.4 1.1 0.8 2.1 15.2 3.7 3.0 2.7 2.7
8.0 3.3 1.0 1.4 8.8 4.0 3.4 12.2 1.8
24.9 47.9 61.5 60. 4 16.1 40.3 417 43.9 48.5
19.7 37.2 40.4 36.8 14.7 31.6 32.2 20.2 316
.31 .43 .36 1.9 .93 1.5 1.6 .26 .27
26.3 9.1 4.8 1.7 3.9 11.3 10.9 17.4 14.6
Radiometric analyses
[Analyst. B. A. McQall]
[21 R, 0. 007 0. 006 0.005 0. 002 0.003 0. 004 0.004 0. 006 0.007
Chemical analyses
[Analysts. A. Sweeney and Wendell Tucker]}
L0 0.003 0. 005 0.004 0. 002 0.001 0. 002 0. 005 0. 005 0.007
Semi titative spectr hic analyses
[Analyst. K. E. Valentine]
Sample (percent) L-117 L-117-a L-117-b L-131 L-1356 L-135-a L~135-b L-170-a L~170-b
Ca, P Ca, P Al Ca, P Ca, P Ca, P Ca, P.
Ca, P, Si....._ Ti
Si Al, Fe Fe, Mg__ ... 81, Al, Mg, Fe_| 81, AL, K, Fe._| Ti, Fe, Al._._. 81, Al, Fe
Sr.ITTTTT S, sr_ ... Mn, K, §r, Ti.| Mn, K, La, St.| Mg, 9r, La_...| Mg, 8r,La,8i..| Sr, Ls, Mg
Fe, La, Ce, Mn, Ba, Mg..| La, Ce, Y, Li.| Ce,Na,Y,Ti, n, Ti, Ce, a, Ce, Ce, V, Y, Zr,
B Al, Na, Mg 1i Na, Y, Ii Mn ¥, Na
e, Na
(11201 N4, V, Y, Li..| Nd, Lio..._. Mﬁ,d VL?(, Na, Ti, 11, V, | Ba, V, Na.... Ba, V,Nd..._| N4, Ba, V..._| N4, V, Y.....| Nd, Ba
0.01-0.05_ oo Cu, B, Pr..... B,T Ifr,P Bba,c K, | Ti, Pr, K, Ba. 0%1 éza,, Y, B, | Nd, Pr, Yb___| Pr, Yb..o.... 22 SO N% LiérK’ Nb, Li, K, Pr
i, Pb, Cu a,
0.005-0.01eeoememo Zr,Nb, Yb, |Nb,Gd, Dy, [ Pb, Gd, ¥Yb, | Caeoeeeee. B,Ga, Dy, |B,G4,Er, |B,Er,Gd, |[B._ ...
Ga, Dy B, Cu, Dy Cu, Pb Dy, Pb Dy, Yb
T
0.001-0.005 Er, Ni, Sc Er, Zr, Ni, Sc.| Ni, Zr, Nb, | Ni, Zr, Mo, | Zr,Er,Ni,Se, | 8¢, Nb, Zr, | Cu, Nb, Pb, | Sn,Yb, Ni,8c.| Dy, Yb, Ni, Se
&o, 8¢ Nb, 'Yb Mo, Nb i, Cu, Mo Mo, 86, Ni,
T
X1/1) FO, Cr, Be. Cr... Cr... Cr, 8 o .| Cr._.. Or.. Cu, Cr. Cu, Cr
0.0001-0.0005. EA Ag B;’,__n _________ S Bo.. _ Bg__ W ?
0.00005-0.000% ... ... Beo oo Ag. . Ago oo
0.00001~0.00005... ... .- Be_ e Beoacccaan

L~117. Carbonatite saprolite, NW{ sec, 19.
L-117-a, Carbonatite saprolite minus clay, NW{ sec. 19.
L~117-b, Carbonatite saprolite minus clay and hand magnetic fraction, N W sec.

19,
L-131. Residual and secondary apatite, NWY see. 19,
1-135. Carbonatite saprolite, N'W{ sec. 19, i

L~135-a, Carbonatite saprolite minus clay, NW{ sec. 19.
11-1135—)3. Carbonatite saprolite minus clay and hand magnetic fraction, NW4 sec.

9.
L-170-a, Carbonatite saprolite minus clay, NW3{ sec. 19.
L—11970—b. Carbonatite saprolite minus clay and hand magnetic fraction N'W{ sec.
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ondary apatite. The secondary apatite occurs in eryptocrystal-
line granular masses and as radiating fibers in colloform crusts.

L—-117 and L-135—S8aprolite. From X-ray analyses of the
clay- and silt-size portion of these saprolites, A. J. Gude 3d,
(written communication, 1956) reported major montmorillonite
and minor kaolinite in I-117 and major kaolinite, and traces of
montmorillonite and chlorite in L—-135.

L-117a, 1385a, and 170a—Panned concentrates of the sapro-
lite. Of the saprolite, L—117-a represents about 40 percent and
L~135a represents about 26 percent.

L-117b, 1356b, and 170b.—Panned concentrates with the hand
magnetic fraction (mostly magnetite) removed. Visual estimates
of the composition of these fractions are as follows: L-117b (39
percent of the saprolite) apatite 90 percent, and the remainder—
iron-stained clay aggregates, weathered pyrite, rutile, perovskite,
and anatase. L-135b (25.5 percent of the saprolite) apatite 70
percent, and the remainder—iron-stained clay aggregates, weath-
ered pyrite, rutile, perovskite and anatase. L—170b apatite 90
percent, and the remainder—perovskite, anatase, kimzeyite,
and mica.

CHEMISTRY

Chemical and spectrographic analyses of a composite
of the carbonatite in the quarry, table 23, show that
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phate, silica, and magnesia are the only other oxides
greater than 1 percent. The magnesia occurs chiefly
in magnetite (magnesioferrite) and monticellite; phos-
phate occurs in light-green acicular crystals of apatite.
The early crystallization of these minerals as well as
perovskite and kimzeyite provided for the capture of
most of the trace elements and explains the high
purity of the late crystallizing calcite.

Trace elements in the rock that are equal to or
exceed 0.01 percent and in order of abundance include:
Sr, Mn, Ba, Ti, and V. The difficulty of getting a
representative sample of the carbonatite is illustrated
by the content of niobium in the carbonatite. Fryk-
lund, Harner, and Kaiser (1954) cut 21 channel samples
of the carbonatite for Nb, TiO;, V.05, Y, and La
analysis. Niobium was detected in only 6 of the
samples, but a simple average yields a value of 0.01
percent niobium for the carbonatite.

From the standard phosphate analyses (table 24) of
the concentrates of the saprolite, it is obvious that

the carbonatite is a relatively pure calcite rock. Phos- the gradeis adequate for commercial phosphate. How-
TABLE 25.—Spectrographic analyses of mineral separates from carbonatite, in percent
L-166-1 L-166-2 L-166-3 11664 L-166-5 1-166-6 1-135-a L-129-¢ 1-129-d
0 0 0 0 0. 001 0 0
.03 .1 >10 >10 .5 n.d. .0x .0x
n.d. n.d. n.d. n.d. n.d. n.d. |>10 >10
.1 .5 . 008 0 .01 .02 .X .X
. 002 .02 0 0 . 002 . 005 .0x .0x
. 6006 0 0 . 001 .02 . 001 . 00x . 00x
.02 0 .02 0 .1 .19 .0x . 0x
.1 0 0 0 .04 .2 b4 X
. 005 . 005 .01 1.0 3.2 >10 n.d. n.d.
0 0 0 .03 >10 .63 0 0
0 0 0 1] 2.0 0 0
.03 . 006 .07 .01 .92 . 025 . 025
0 0 .03 .2 6.8 8.2 9.2
. 06007 . 003 . 002 . 0007 . 001 . 0002 . 000x . 000x
. 002 .01 1.2 2.7 .05 .13 .0x .0x
0 . 004 .01 0 0 0 0
i . 002 0 0 0 0 . 006 . 00x . 00x
Cuoo .. . 0009 . 0004 . 0006 . 0009 . 001 . 0006 . 018 . 00x . 00x
Ga .. . 004 0 0 0 . 009 . 008 0 0 0
S .. 0 0 0 0 0 .02 0 0 0
Poo .. 0 1] 0 0 0 0 . 004 0 0
n.d.—not determined.
Looked for but not found: B, Yb, Hf, Th, Ta, Mo, W, U, Re, Rh, P4, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, T}, Ge, As, Sb, Bi.
EXPLANATION OF SAMPLES
Sample X-ray X-ray analyst Spectrographic analyst
L-166-1.___.______ Tdocrase_ .- .- ______ H. J. Rose
L-166-2.__ . _____ Apatite. .- _________ Do.
L-166-3. ... _____ Caleite.____________ Do.
L-166-4._________ Monticellite . - - .___ Do.
L~166-5__________ Magnetite._________ Do.
L-166-6__________ imzeyite_ .. .._____ Do.
L-135-a__.________ Anatase-«_._.._____ Anatase and small amount of | F. A, Hildebrand._.._____ Do.
apatite.
LI~-129-—ec.________. Perovskite__________ P J. D. Fletcher.
L-129-d.___._____. Perovskite_.________ Do.
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ever, more drilling and sampling must be done to
determine the size of the deposit.

Several minerals were separated from the carbonatite
in the quarry for spectrographic analyses (table 25).
The anatase and perovskite are float crystals found
south of the quarry on Perovskite Hill. The fine-
grained pale-brown anatase occurs as an alteration
product of perovskite with the replacement varying
from partial to complete. Anatase in this rock has
been observed only in the saprolite and thus it may be
a product of weathering as suggested by Williams
(1891).

The zirconium garnet is & new mineral, and has
been named kimzeyite (Milton and Blade, 1958). In-
dividual crystals as much as 2 mm across are black
and where euhedral have the crystal habit of garnet,
the dodecahedron in combination with the trapezo-
hedron. X-ray work by J. M. Axelrod and F. A.
Hildebrand indicates that the mineral is isotypic with
garnet; the cell edge (2,)=12.46A. In thin section,
it is isotropic, light brown, and has an index of refrac-
tion near 1.95. The computed oxide percentages from
spectrographic analyses by Harry Bastron (table 26)
show relatively high Nb, Se, and Sn content. The
total is low; however, P;O5, H:O, F, S, and CO; were
not tested. Further work on this mineral is in progress
by Charles Milton.

TaBLE 26.—Composition of kimzeyite
[Data from Miiton and Blade (1958)]

Computed as oxide
Element Amount
(percent)
Oxide Percent
Si . 10 SiOp. .. 21. 4
Ay . 6 ALO; . ____ 11. 4
Ca oo 12 CaO. .. 16. 8
Fe __________________ 11. 5 F8203 ____________ 16. 45
A s D 3.5 TiOg . .. ____._ 58
2r . 15 Y/ {0 20. 25
Nbo . .5 NbyOs- oo .72
Mg . .3 MgO____ .. _____ .5
Mno_________________ .1 MnO____________ .13
Sn._ . LO7 (| 800y . .09
S e 2 .06 Sezos ____________ .09
Cu,Ba, Sr___________ Tr.
Total . __ ||| 94

Looked for but found: Ag, Au, Hg, Ru, Rh, Pd, Ce, Ir, Ge, Pb, As, Sb, Pt, Mo, W,
Re, Bi, Zn, Cd, Te, In, Co, Ni, Ga, Cr, V, Y, La, Hi, Th, Ta, Be, Li, Na, K, B.
The distribution of the trace elements within the
carbonatite is shown by the spectrographic analyses of
the separated minerals.
1. The calcite is relatively pure; Sr is the most abundant trace

element (0.5 percent) followed by V, Ba, and Mn, in order
of abundance.

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.
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The high magnesium content of magnetite indicates that it
is more properly called magnesioferrite.

Strontium occurs in calcite, perovskite, apatite and idocrase.

Scandium is in kimzeyite.

Lanthanum is particularly concentrated in perovskite
(greater than 1 percent) and to a lesser extent in anatase
and apatite.

6. Zirconium ocecurs as a major constituent in kimzeyite and is
also found in anatase (0.63 percent) with lesser amounts
in idocrase.

7. Vanadium is in anatase (0.92 percent), apatite and magnetite.

8. Niobium is highly concentrated in perovskite and anatase
(up to 9.2 percent).

9. Cobalt and gallium occur in magnetite; gallium is in kimzeyite.

10. Nickel and copper are most abundant in anatase.

11. Yttrium is most abundant in anatase and kimzeyite.

;W

The trace-element content of the carbonatite sapro-
lite shows that Be, Sr, Ba, Se, Y, La, Ce, Yb, Ti, Zr, P, V,
Nb, Cr, Mn, Co, Ni, Cu, Ga, and Pb, are concentrated
during weathering. Resistant minerals account for
most of the concentration of these elements particu-
larly because the easily weathered calcite is poor in
trace elements;

ORIGIN

The origin of similar carbonate bodies from other
localities has been ascribed to sedimentary limestone
xenoliths, hydrothermal replacement bodies, and mag-
matic intrusions. Reexamination of these various
modes of origin as well as detailed studies of alkalic
rock complexes have been stimulated recently by the
economic potential of carbonatite deposits for com-
modities such as niobium, rare earths, apatite, uranium,
and agricultural lime.

Pecora (1956) reviewed the carbonatite problem
and listed 32 worldwide occurrences which appear to
have originated ‘“from a hot carbonatic fluid geneti-
cally derived through some magmatic process.” He
concludes from his review that ‘‘carbonatites were
deposited by carbonatic solutions having a wide
range of temperature, pressure, and concentration and
derived from alkalic magmas during the process of
silicate crystallization.”” And further that ‘““a car-
bonate magma in the normal sense is less likely to
exist than carbonate-rich solutions which at elevated
temperature and pressure can have a higher concen-
tration of dissolved ingredients than normally believed
for hydrothermal solutions.”

The field observation and laboratory work on the
Magnet Cove carbonatite indicate that it is an in-
trusive mass and probably was deposited from late-
stage heavily gas charged, magmatic solutions. Some
of the observations are listed below:

1. Virtual absence of limestone in the known Paleozoic section
of this region of Arkansas.
2. Abundance of inclusions of syenitic and possibly ijolitic

type rocks in the carbonate body. These inclusions
range in size from a few inches to blocks 7 to 8 feet long and
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have a strong reaction zone characterized by an outer rim
of pyrrhotite, magnetite, green biotite, and idocrase.
Many of the inclusions are completely altered to mica,
zoisite(?), and an impure aggregate that may be zeolitic
alteration of nepheline. The inclusions attest to the
introduced, mobile, and reactive character of the carbonate
and indicate that the carbonate body is younger than
most of the igneous rocks and probably represents a late
stage in the development of the Magnet Cove complex.

3. Absence of any structure or layering in the coarsely crys-
talline mass of calcite.

4. Abundance of carbonate as a major constituent of the feldspar-
carbonate pyrite-rutile veins and dikes that cut the igneous
rocks and are so abundant in the Magnet Cove area.

5. Abundance of coarsely crystalline calcite dikes that cut
ijolite in the basin of the Cove area.

6. The abundance of rare earths, niobium, titanium, and zir-
conium in the silicate minerals in the carbonatite that
could not be supplied by a normal sedimentary limestone,
nor by reaction with the included blocks of igneous rock.
These elements must have been a part of the carbonate
mass as it moved into its present position.

7. The presence of primary calecite in coarse-grained ijolite
rocks that occupy most of the Cove basin. Fine-grained
calcite is a major constituent of the altered phonolite and
phonolite breceia which we believe is produced by reaction
of trapped CO, with early-formed minerals in quick-
cooling magma.

8. Calcite-pyroxene-nepheline pegmatite also testify to primary
nature of caleite.

These observations indicate that the carbonatite bodies
at Magnet Cove are not sedimentary limestone xeno-
liths. The mobile introduced nature of the carbonate
has been firmly established but whether this intro-
duction is hydrothermal or magmatic is not so easily
resolved. However, primary calcite in many of the
rocks even to the extent of being a major constituent of
the altered phonolite and one of the pegmatites suggests
that the carbonate is a late stage differentiate—pegma-
titelike—on the borderline between magmatic and hy-
drothermal, greatly enriched in CO;, Ti, Nb, and rare
earths. The origin of the carbonatite is further dis-
cussed in the section on origin of the rocks.

LIME-SILICATE ROCK

A complex body of lime-silicate rock, about 0.4 per-
cent of the exposed igneous rocks in the complex, occurs
in the northwestern part of sec. 20. Like the surround-
ing ijolite it is deeply weathered, and therefore age re-
lations with the ijolite are not determinable. Small
areas of fresh rock are exposed in a pit opened to mine
residual magnetite.

The bulk of the rock is a fine- to medium-grained
intergrowth of anhedral idocrase and colorless diopside
with a few euhedral crystal of apatite. Abundant
miarolitic cavities are lined with euhedral crystals of
diopside, aegirine, apatite, idocrase, and andradite. A
few large crystals of melilite, some more than 18 inches
across, are partly replaced by a fine- to coarse-grained
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mixture of idocrase, diopside, tremolite, pale brownish-

green biotite, perovskite, brown to colorless garnet,

calcite, and zeolite. Irregular but rounded masses of
magnetite, up to 1 foot across, are found, some alined
like beads on a string in the idocrase-diopside matrix.

Pieces of fine-grained zeolite with miarolitic cavities

containing euhedral crystals of natrolite were found on

the waste-rock dump but none were seen in place. The
melilite with its alteration products looks similar to the
uncompahgrite of the Iron Hill complex in Colorado.

It seems most probable that the rock type is a basic

crystal differentiate of magnetite, melilite, and minor

feldspathoid from the ijolite magma and that its contact
with the surrounding ijolite is gradational. Late intro-
duction of the high-volatile carbonatite fluids probably
caused the intense alteration of melilite. Carbonatite
occurs within 500 feet to the northwest of the lime-
silicate body.

Spectrographic analyses of several handpicked min-
erals, table 27, show that:

1. Magnetite is both titaniferous and magnesian probably close
to magnesioferrite. The trace elements in this magnetite
in order of abundance are: Mn, V, Co, Zr, Zn, Ga, and Sc.

2. The three analyzed garnets show the direct relationship be-
tween dark color and high titanium content. V, Zr, Nb,
and Y are concentrated only in the dark garnet.

3. Aegirine captures the greatest amount and variety of trace
elements of the analyzed minerals. In order of abundance
these include: Zr, Sr, Nb, Mn, V, Y, Ba, Cu, Be, Co, Sc, Ga,
Cr, Ag. Concentration ranges from 0.2 percent Zr to 0.0003
percent Ag.

4, The bulk of the Sc is in colorless diopside (0.01 percent).

5. 8r is particularly high in apatite, idocrase, and melilite;
barium is in biotite.

DIKES

Although the entire Magnet Cove igneous area is a
dike complex, the rocks described in this section are
clearly late stage, of minor areal extent, and show cross-
cutting relationships to the major ring dike rock units.

These dike rocks will be described in two sections:
dikes within the complex and dikes outside the complex.

DIKES WITHIN THE COMPLEX

Dike rocks within the complex include in approximate
order of abundance: tinguaite, analcime olivine mela-
gabbro, nepheline syenite pegmatite, trachyte porphyry,
aplite, eudialyte nepheline pegmatite, and garnet

fourchite.
TINGUAITE

DISTRIBUTION AND DESCRIPTION
Tinguaite (dike phonolite), the most abundant dike
rock exclusive of ring dikes in the Magnet Cove igneous
complex, occurs as narrow, fine-grained, green to black
dikes and irregular or oval-shaped bodies that cut all
other igneous rock types. Some of the tinguaites are
porphyritic and contain pseudoleucite and (or) nephe-
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TaBLE 27.—Spectrographic analyses, in percent, of mineral separates of lime-silicate rock

L-168-2 | 1-168-5 | L-168-6 | L-168-11 L-168-7 L-168-13 1-168-14 | L-168-10 | L-168-8 | L-168-4 | L-168-12 | 1L-168-3 | L-168-1 | L-168-9
0 0 0 0. 0004 0. 0004 0. 0009 0. 004 . 002 0. 004 0 0 0 0.002 0. 0009
>1 .4 .2 .09 1 >1 1 >1 >1 1 .1 .02 >1 .06
0 002 .002 .005 1 .1 .04 1.2 .6 . 005 1 .2 .6 .007
0 . 002 0 . 002 01 .002 . 007 04 . 004 1.2 . 005 .02 .01 . 007
. 004 . 006 0 0 0 .01 .001 0 0 . 004 0 0 0 0
0 .02 0 0 0 0 .01 0 0 0 .01 0 0 0
0 0 0 0 0 0 0 0 0 0 .01 0 0 0
3.6 4.2 .4 .03 01 .03 . 004 02 .04 .6 . 004 . 002 .02 . 005
.02 .2 0 0 0 . 006 .2 0 0 . 008 .004 0 0 0
0 0 0 0 0 .9 0 0 0 0 >10 0 0 0
.2 .3 .2 . 006 . 005 . 005 .02 005 .02 .02 . 009 .01 . 004
0 .04 0 0 0 .03 0 0 0 0 0 0
. 0009 . 001 . 0009 . 0009 . 002 . 0009 . 0006 0009 - 0006 . 0006 . 0009 .003 .001 - 0006
.8 .2 .04 02 .03 06 .02 .02 .01 .1 . 002 .01 .08 .001
>10 >10 >10 >10 1.5 .4 >10 3.2 4.4 4 .01 . 001 2.4 .08
.02 0 0 0 0 003 .003 .003 0 . 001 0 0 . 002 0
. 002 . 002 .002 0 0 0 0 0 0 0 0 0 0 0
.001 . 001 . 0008 . 001 . 0006 0006 .005 002 . 0008 .002 . 0006 . 0008 . 001 . 0007
0 0 0 0 0 0 . 0003 0 0 . 0001 0 0 0 . 0001
.01 0 0 0 0 0 0 0 0 0 0 0 0 0
. 004 . 001 . 004 0 0 0 . 001 003 . 002 .003 0 0 . 001 .002
Indices of refraction !
1. 6714-0. 005 | 1.6623-0. 005
1. 6794 . 005 | 1.669+ .005
...... L7074 .005 | 1.693=% .005

1 Determinations by D. J. Jameson.

Spectrographic analyses by H. J. Rose.
X-ray analyses by F. A. Hildebrand.

Looked for but not found: Oe, Hf, Th, Ta, Mo, W, U, Re, P4, Ir, Pt,’Au, Cd, Hg,
In, Ge, Sn, Pb, As, 8b, Bi.

EXPLANATION OF SAMPLES

Sample

X-ray analyses

Magnetite
Dark garnet

Brownish-yellow garnet

Pale-green diopside
Colorless diopside

Idocrase

Pale greenish-yellow andradite. -

Aegirine. . oo oooooeo
Idocrase-diopside mixture. .

Garnet type mineral unit cell-
melanite.

Monoclinic  pyroxene probably
aegirine.
Idocrase plus moderate amount of

monoclinic pyroxene,
Idocrase.

Brown and green biotite
Apatite

Calcite

Melilite

Natrolite

line phenocrysts. Many of the nonporphyritic ting-
uaite outcrops are easily mistaken for fine-grained
metamorphic rocks, but the green color and uniform
texture are characteristic.

The pseudoleucite tinguaite porphyry, the most
striking of the tinguaitic rocks, is best exposed about
1,000 feet south of U.S. Highway 270 insec. 21. White
pseudoleucite phenocrysts up to 1 inch across are abun-
dant in a fine-grained green matrix.,

In thin section, the texture of the rock ranges from
tinguaitic to pilotaxitic. The fine-grained, holocrys-
talline groundmass consists of a mesh of rod-shaped
sodic pyroxene microlites with equigranular nepheline
and sodic orthoclase in the interstices (tinguaitic tex-
ture). In some of the rocks the sodic orthoclase occurs
as a felt of lath-shaped microlites in flow lines (pilotaxitic
texture).

The proportion of phenocrysts in the tinguaites ranges
from 0 to 50 percent. Pseudoleucite phenocrysts are

most abundant; nepheline and pyroxene phenocrysts
are common. The pseudoleucite crystals are hexag-
onal in part and composed of clear fresh nepheline and
dirty, partly kaolinized sodic orthoclase. Some of the
nepheline is altered to cancrinite. Sodic pyroxene rods
tend to concentrate around the edges of the pseudoleu-
cite crystals. Some of the larger, almost euhedral early
formed pyroxene crystals are zoned and have a core
which is near normal augite. Fluorite, sphene, magne-
tite, apatite, sodalite and plagioclase are accessory
minerals. Calcite, cancrinite, and kaolinite are altera-
tion products.

Brief descriptions of some of the variants are given
below:

MC(C-162.—Grayish-green tinguaite porphyry cuts sphene
pyroxenite and the contact zone sediments in the NEY% sec. 17
and the NWY; sec. 16. Phenocrysts of sodic orthoclase up to 3
inches long and nepheline up to 3 mm across make up about 25

percent of the rock. In thin section the minerals are: sodic
orthoclase as phenocrysts and groundmass anhedra plus minor
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perthite and albite—about 45 percent, nepheline as phenocrysts
and groundmass anhedra both altered to cancrinite and sodalite
(?)—about 20 percent, and green aegirine as stubby phenocrysts
and groundmass needles—about 35 percent.
L-23.—Grayish-green porphyritic tinguaite cuts fine-grained
ijolite, analcime-olivine melagabbro, garnet fourchite, and altered
phonolite in the SW sec. 18. Phenocrysts of nepheline up to
2 mm across and pseudoleucite of about the same size make up
about 10 percent of the rock. In thin section the minerals are:
sodic orthoclase as phenocrysts and minute laths—about 40
percent, nepheline as phenocrysts partly to completely altered to
sodalite(?) and minor cancrinite—about 20 percent, green aegi-
rine as phenocrysts and minute needles plus accessory anhedral
magnetite—about 40 percent. The saprolite of this rock was
analyzed spectrographically (table 28). Material in the panned
concentrate occurs in the following order of abundance: clay
aggregates, feldspar, weathered pyrite, magnetite, and a trace
of rutile. The presence of rutile and perhaps pyrite indicates
contamination by weathered rutile veinlets not apparent when
the sample was taken. From an X-ray analysis of the clay-
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and silt-size portion of this sample, A. J. Gude 3d (written
communication, 1956) reported halloysite(?) and chlorite(?).

MC-115.—Greenish-gray porphyritic tinguaite dike cuts gar-
net-pseudoleucite syenite in the NEY% sec. 24. Phenocrysts of
pseudoleucite up to 5 mm across make up about 5 percent of the
rock. In thin section the minerals are: pseudoleucite pheno-
crysts composed of kaolinized orthoclase and partly altered
nepheline, kaolinized orthoclase phenocrysts, nepheline pheno-
crysts partially altered to sodalite(?) and cancrinite—about 65
percent; green aegirine in elongated prisms—about 35 percent;
and accessory anhedral fluorite.

CHEMISTRY

Chemical and spectrographic analyses and norm, table
28, show the highly alkaline character of the tinguaite
and its similarity to Daly’s average tinguaite. The
total alkali content is greater (16.83 percent) than in
any of the other analyzed rocks from Magnet Cove.
Sodalite and fluorite were not seen in the rock, but the

TABLE 28.—Analyses and norm of tinguatte, in percent

MC-115 O] MC-115 | MC-116a | MC-115b | MC-115¢ L-23 [MC-152-1 MC-115
Standard chemical analyses ? Spectrographic analyses 8 Norm
52.85 55.02 0. 0005 0.0007 0.002 0.001 0. 0005 0 47.26
19.44 20.42 n.d. 07 .2 .7 2 . 004 1.06
4.82 3.06 n.d. .3 1-10 1-10 .08 n.d. 29. 25
.57 1.82 . 066 .3 T .8 . 005 .4 .94
.37 .22 .48 07 .4 .08 .3 .2 .32
.13 .59 0 0 0 . 002 n.d. 12,47
2,53 1.67 0 0 0 0 .001 2.13
.35 0 0 0 .004 0 3.13
8.87 8.63 .021 0 .04 .02 07 .70
7.96 5,38 n.d. n.d, n.d. n.d. 0 n.d, .61
.07 2.77 0 0 0 0 . 0007 L. .
.78 n.d. 08 .5 .8 .01
.33 .36 .027 01 . 009 .02 07 0
.13 . 014 007 .01 07 02 .007
.04 06 . 022 0 .05 .03 03 0
.03 . 0007 05 . 0002 . 00008 002 . 0006
.60 0 n.d . 002 0 001 .02
.42 .23 8 .4 1 2 .002
.04 nd. | >10 1-10 >10 3 .3
100. 36 0 . 004 0 0 0
. 0 .03 0 0 .003 0
99.94 . 0006 .01 .008 002 .003 0009
. 0045 . 0008 . 003 0008 . 004 004
. 0072 0 . 04 . 005 0
0 0 4] 0 .0001
Colorimetric analyses ¢
P ¥ R —— R( 1113 AR SR FEUEI ORI 0.001
L 1) N RO ORISR B, . 0002
004 [aeo[oenee - n.d.
.25 JROSY PRSI (R, .15
Radiometric analyses 5
eU il 0.006 |- . 0. 004
Chemical analyses ¢
L0 . 0. 00043 n.d.
N T . 00054 -- n.d.
1 Average tinguaite (Daly, 1933). MC-115. Tinguaite, NEY sec. 24,
2 Quantitative chemical analyses by L. M. Kehl. MC-115a. Magnetic (hand magnet) fraction of heavy concentrate.
3 Spectrographic analyses: MC-115, MC-~152-1 by H. J. Rose; MC-115a, 115-b, = MC-115b. Nonmagnetic fraction of heavy concentrate.
116-¢ by J. D. Fletcher; L-23 by Sol Berman MC-115¢. Aegirine separate from MC-115.

4 Colorimetric analyses by H. E. Crowe and A. P. Marranzino.
§ Radiometric analyses by B. A, McCall.
¢ Low-level uranium and thorium chemical analyses by J. C. Antweiler.

n.d.=not determined.
Looked for (spectrograé)hically) but not found: Hf, Th, P, Ta, W, U, Re, Rh, P4,
Os, Ir, Pt, Au, Zn, Cd, Hg, In, T, Ge, Sn, As, §b, Bi, Te.

L-23. Saptolite from tinguaite, SW14 sec. 1s.
MC-l?z-l Sodic orthoclase separate from ting'uaite porphyry, MO-152, NW}4
sec. 16.
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high chlorine and fluorine content suggests that they
could be found.

Compared with the average of analyses of the rocks
in the complex (table 46) the tinguaite is lower in MgO,
FeO, Oﬁlo, H20+, TiOz, 002, P205, SOa, S, and higher
in Si0,, Al;03, Fe,03, MnO, BaO, Na,0, K0, Cl, and F.
BaO is unusually high and suggests that the feldspar is
barian orthoclase.

Trace elements equal to or exceeding 0.01 percent
include Sr, Ba, La, Zr, V, Nb, and Zn. Pb approaches
this value (0.007 percent) and Be is unusually high
(0.0005 percent). Sr, La, Ti, V, Mn, Nb, and Pb are
concentrated in the heavier fraction of the rock. Mn,
Ti, Sr, V, Pb, Nb, and Be are concentrated in aegirine.

The high Mo content (0.02 percent) of sodic ortho-
clase deserves special attention and will be discussed
further in the section on geochemistry.

SODALITE TRACHYTE

Sodalite trachyte, about 3.5 percent of the exposed
igneous rocks, is widely distributed in the complex, but
the bulk of these rocks is found in the garnet-pseu-
doleucite syenite in the southern part of the area.

The trachytes are all holocrystalline, greenish-gray
to dark-gray aphanites. Light-gray to greenish-gray
and dark-gray breccia is closely associated with the
trachyte.

A good exposure of sodalite trachyte occurs on the
south bank of Stone Quarry Creek in the northeastern
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part of sec. 29. Irregular patches of aegirine (20 per-
cent), pleochroic in green and brownish yellow, are scat-
tered through a groundmass of sodic orthoclase (70
percent) and sodalite (10 percent). Anhedral sphene
is an accessory mineral. Microscopic veinlets of can-
crinite, sodic orthoclase, plagioclase, and calcite cut the
rock.

The chemical analysis of sodalite trachyte (table 29)
shows a phonolitic composition and is almost identical
with the analysis of tinguaite (table 28).

The isotropic mineral in the mode is assumed to be
sodalite because of the abundant chlorine in the rock.

Trace elements equal to or greater than 0.01 percent
include Sr, Ba, La, Zr, Nb, and V.

ANALCIME-OLIVINE MELAGABBRO
DISTRIBUTION AND DESCRIPTION

Analcime-olivine melagabbro, about 0.7 percent of the
exposed igneous rocks of the complex, forms an elon-
gated dikelike mass about one-half mile long and up to
500 feet wide that cuts fine-grained ijolite in the SW1/4
sec. 18. A much smaller dike but with similar orienta-
tion is exposed in the Magnet Cove Titanium Corp.
pit. The rock is easily weathered and good exposures
are rare.

Williams (1891) and Fryklund and Holbrock (1950)
called the rock a monchiquite. One sample was found
which could be called a monchiquite but abundant lab-

TaBLE 29.—Analyses and norm of sodalite trachyte, in percent
[Sample M C-228, sodalite trachyte, NE/, sec. 29]

Chermical Spectrographic Radiometric Chemical Norm
SiO_ e 53.61 || Bewoooooooo 0 ev 0.00066 || or. .. -._.._. 45. 59
AlbOs e 20.32 ||ccm e cc e femm e | e e e Tho o] . 00077 || Abee e .
FesOs oo oo 2,84 || e ] e e o e e e e e oo e
FeO________________ 1.98 || Sro________ 0.08 |l ||| emece || MO
MnO_______________ .36 Ba____.__.___ 0 A | S,
MgO. . L5 || Boo . (1 |
CaOoo . 2.49 | Se_________ [ |
BaO_ .. ___ JI9 ) Yoo 0 oo~
NagOoo oo 820 [l Lacoo—____ B ) S S,
20 . 7.66 || Yb________ | |
20— el L06 || Ti .. 2 Hemmmmemmaeas
HoO+ oo 1.12 || Zro o _____ 03 |
TiOge oo V31 | VoL 008 [
COz o .14 W Nb________ 02
PzOs ________________ .10 Cro______ L0001 (|
SOs oo .02 ) Mo.___.__ 2002 |[ooo o
Cl_ . .52 ) Mn________ B A |
¥ PR £° I | SR FPIPIPRPNY | S
S P01 | UV (PP |
Total_____.____ 100. 99
Less O________ .22 ) Ni____.____ (4 N | RN ISR | FRSR R (RUSIRUIUURPN | NORUPUOIPEP (EUEUTUP
100.07
Cu____..__ B0 S | RPN (UPRPUIPO | FUIPURS PPN NPT | FREUTO S UURPUUR FOTP I
Ga_.__._.. IR 0105 S | S PO | FOSUPI PPN FUPIPPU | PP PR

Standard chemical analyses by L. N. Tarrant.

Spectrographic analyses by Harr
Radiometric analyses by B. A,

Bastron.
eCall

Low-level chemical analyses for uranium and thorium by J. C. Antweiler.

Looked for (spectrographically) but not found: Li, Cs, Ce, Th, P, Ta, W, U, Re, Ru, Rh, Pd, Pt, Ag, Au, Zn, Cd, Hg, In, T}, Ge, Sn, Pb, As, Sb, Bi, Te.
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radorite in most of the thin sections makes gabbro a
better name.

Therock is dark gray, fine grained to medium grained,
and weathers to mottled (brown and green) saprolite.
Altered olivine appears as minute light-colored spots
against a dark background. In thin section the texture
is holocrystalline hypautomorphic-granular.

Subhedral pyroxene up to 3 mm long with pale-lav-
ender tints, probably titanaugite, is the most abun-
ant mineral—40 to 60 percent of the rock. Colorless
olivine, near forsterite, makes up as much as 20 per-
cent and is remarkably fresh in the fine-grained rocks
but almost completely altered to yellow-green and green
serpentine and calcite in the coarser grained rocks.
Labradorite (Ang) occurs as anhedral grains, up to 2
mm long, in the interstices between pyroxene and oli-
vine crystals and comprises 5 to 20 percent of the rock.
Late-forming orange-brown hornblende, near lampro-
bolite (5 to 10 percent) occurs as anhedral grains less
than 1 mm long. Apatite, as crystals up to 2 mm long,
and deuteric analcime occur in quantities approaching
5percent. Magnetite and pyrite are accessory minerals.

Panned concentrates of two samples, L-22 and L—95,
of saprolite show the following minerals in order of
abundance: 122, apatite, rutile and brookite, clay
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aggregates, mica, and magnetite-ilmenite; L-95, mag-
netite, clay aggregates, weathered pyrite, pyroxene,
apatite, rutile and brookite, mica, ilmenite, and gar-
net. Rutile and brookite in the concentrates indicate
contamination by rutile and brookite veins and garnet
indicates contamination by garnet fourchite or ijolite.

CHEMISTRY

Chemical and spectrographic analyses, norm, and
mode of analcime-olivine melagabbro, L-11a, are given
in table 30. Discrepancies between the mode and the
norm indicate that the one thin section taken of the
coarse-grained rock is not representative.

Normative albite is present in the mode in analcime
and labradorite. Much of normative ilmenite, magne-
tite and a part of anorthite is probably in modal olivine,
titanaugite, and hornblende.

Trace elements in the rock that exceed or are equal
to 0.01 percent include: Sr, Ba, Cr, V, and Ni. Cu
and Sc approach 0.01 percent.

Spectrographic analyses of minerals separated from
the analyzed rock (table 31) indicate the distribution
of trace elements within therock. Of the two pyroxenes
analyzed, sample L-11a—2a is slightly more magnetic
than I—-11a-1a.

TABLE 30.— Analyses, norm, and mode of analcime-olivine melagabbro

L-lla L-lla L-22 1.-95 L-11a 22 L-95 L-11a
Stan;i:;{ly :el;?mical Spectrographic analyses 2 Colorimetric analyses 3 Norm
Si0s. ... 34.51 || Be.___ 0 0.0005 | 0.0003 |} As_.___ <0. 001 n.d. | <0.001 o) 3. 89
Al,O5. .. 10.24 || Mg.__. nd. | 5 1 Sb..... . 0001 n.d. L0001 || aboco 13. 62
Fe,05. . 5.58 || Ca-_--_ n.d. [>5 .3 In_____ . 010 n.d. . 150 AN_ oo 18. 63
¥ — 1 %1 SIS Sy g N
nO.__..__ . Ao . . . N R Y e g
MgO_____ 8.26 || Booo__- 0 . 003 . 001 Radiometric analyses ¢ S 2. 09
it L i ¥
a0______ L4 Yoo . . 004 .02 || eU_____ X X 0.001 || oo X
NagO_... 162 || Lallll: 005 | joz | 11 ||V 0.001 | 0.004 el 6 38
20 . .70 [} Ceaooo n.d. 0 09 Pro e .48
H,0—____ 51 || Yb.__.. . 0002 . 001 002 Chemical analyses ¢ CCo e 12. 20
Mol LS| oor | *os | “os
10— 488\ Zr..- ' - 03 ' U 0.00004 | n.d nd
COgeee . 536 | Peo..__ n.d. 0 0 || T g iy N Mode 6
PIOE _____ 2.72 Voo .04 .09 .01 Th_.___ . 00038 n.d. n.d.
O3 e .03 || Nb.__.| .002 .02 .02
Clooo .. .02 )] Cro__._ .05 .02 .07 Analeime.__.____ 3
Fo . .18 || Mo....| O 0 . 001 Labradorite.._. . 18
S .26 {| Mn_.__ 1 .6 .4 Olivine (ser- 5
Fe.___.. nd. |>5 >5 pentine).
Total__[ 100.39 || Co_-.__ . 004 . 003 . 009 ugite_ ... 49
Less O__. 21 Nieo_.| .02 . 0009 .03 Hornblende____. 3
Cu..... . 008 .01 .01 Biotite......-_. 1
100. 18 || Ga..--. . 002 . 002 . 003 Apatite_....__._ 4
Pb__.___ 0 0 01 Magnetite- 11
Zn____. 0 0 05 ilmenite.
Caleite-- - .. 3
Zeolite._._..____ 3

1 Standard chemical analyses by L, M, Kehl,

2 %pectrographjc analyses. IL-lla by J. D. Fletcher; 1-22, 1-95 by Sol Berman.
3 Colorimetric analyses by H. E. Crowe and A. P. Marranzino,

¢ Radiometric analyses by B. A, McCall.

s Low-level chemical analyses for uranfum and thorium by J. C. Antweiler.

¢ Mode by L. V. Blade.

n.d.=not determined.

Looked for (spectrographically) but not found: Hf, Th, Ta, W, U, Re, Ru, Rh, Pd,
Os, Ir, Pt, Ag, Au, Cd, In. T1, Ge, Sn, Pd, As, Sb, Bi, Te.

L-1la. Analcime-olivine melagabbro, SW sec. 18,

L-22, Saprolite of analcime-olivine melagabbro, SW14 sec. 18.

1~95. Saprolite of analcime-olivine melagabbro, SW14 sec. 18.
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Strontium is most abundant in apatite and labradorite and to
a lesser extent in pyroxene and hornblende.

Seandium and ehromium are coneentrated in the pyroxene.

Vanadium is coneentrated in pyroxene and ilmenite.

Zireonium occurs chiefly in hornblende.

Cobalt, nickel, and eopper are concentrated in ilmenite.

Niobium oceurs only in the hornblende.

A surprisingly high amount of silver (0.004 percent) was de-
tected in one of the pyrozenes.

None of the analyzed minerals contained as much gallium as
indicated for the rock. It is probably econcentrated in
unanalyzed zeolite.

No gk N

%

TAaBLE 31.—Specirographic analyses of mineral separates of
analcime-olivine melagabbro, in percent

L-11a-4 | L-11a- | L-J1a | L-11a~ | L-11a~1 | L-11a-2 | I-11a-3
la 2a 3a
n.d n.d. n.d n.d. 0.1 0.05 0.03
0.002 0.3 0.3 0.22 1-5 1-5 .1
. 002 .009 .01 .09 .01 L8 .3
. 0001 01 .01 .001 0 0 0
0 001 .003 .009 03 0 0
0 0 . 002 .01 009 0 0
n.d. 0 0 n.d 0008 0 0
>10 19 2.4 6.8 008 .1 .05
0 1] . 009 .02 0 0 . 004
.08 1 .1 .02 02 0 0
0 0 .007 0 0 0
0004 08 .05 . 002 0 . 0002 0
1.1 03 .3 1 .04 . 003 . 002
n.d n.d. n.d. n.d .2 .2 .06
03 .002 . 002 004 0 0 0
04 .01 . 008 007 0 0 0
011 . 001 .004 004 . 0008 .009 . 001
0 . 004 0 0 0
0 . 0004 . 0005 . 0008 0 . 0003 . 0007
0 .003 . 005 03 .002 0 0
Specifie gravity_._.... 3.1+.2|3.1+£.2 ) 3.1£.2 | 3.14.2 | 2.754-.15 | 2.254.05

n.d.=not determined.
Looked for but not found: Be, B, Ce, Th, P, Ta, Mo, W, U, Re, Pd, Ir, Pt, Au, Zn,
Cd, Hg, In, Ge, Pb, As, Sb, Bi.

EXPLANATION OF SAMPLES

X-ray X-ray analyst Spectrographic
analyst

L-1la~4__} Ilmenite__._._ Tlmenite_ ____._._. F. A. Hildebrand .| H. J. Rose
L-11a-1a.| Augite._.._... Monoclinie pyrox- |---.. [ 7o S Do.

ene probably

augite.
L-11a-2a_|_.__. [« o TSI P [ TSR SO Ao Do.
L-11a-3a.| Hornblende_..| Amphibole |...._ [ T T, Do.

probably horn-
blende.
L-1la-1_.{ -Apatite J. D. Fletcher
L-11a~2._| Labradorite Do.
L-11a-3._[ Analeime._._. Analeime. . _._.___|...__ [ L Do.

NEPHELINE SYENITE PEGMATITE
DISTRIBUTION AND DESCRIPTION

Nepheline syenite pegmatite, about 0.2 percent of
the exposed igneous rocks of the complex, occurs in
small irregular bodies, particularly along the outer con-
tact of the complex with sedimentary rock. Good ex-
posures are found all along the south edge of the garnet-
pseudoleucite syenite in secs. 28, 29, and 30; in the
eastern part of sec. 24; and along the north edge of the
garnet-pseudoleucite syenite in sec. 18. Williams
(1891), and later geologists who adapted his rock names,
named this rock Diamond Jo syenite and included other
medium- and fine-grained syenites in this type. How-
ever, the chemistry and mineralogy of the pegmatite set
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it apart from any other. Most of the rocks previously
mapped as Diamond Jo syenite in the northern two-
thirds of the area are a coarse-grained chemical equiv-
alent of the garnet-pseudoleucite syenite.

The best exposure of nepheline syenite pegmatite is
in the quarry at the west edge of sec. 29 where it is in
contact with garnet-pseudoleucite syenite. The con-
tact strikes east-west across the quarry parallel to the
north face.

Light-colored minerals, chiefly barian sodic ortho-
clase with minor nepheline and cancrinite, make up 70
to 90 percent of the pegmatite. Black titanium garnet
and zoned pyroxene are the chief mafic minerals and
tend to be segregated in patches. Pyrite, calcite, and
magnetite are accessory constituents. Blue sodalite
and purple fluorite occur as thin skins, one-eighth inch
thick, on vertical joint planes.

Barian sodic orthoclase, the most abundant mineral
in the rock (70-80 percent), occurs as very licht gray,
lustrous, tabular crystals as much as 30 mm long. A
fine network of kaoclinite formed along cleavage planes
gives the crystals the appearance of perthite. In thin
section, these crystals have a faint suggestion of micro-
cline structure and a moderately low 2V.

Nepheline, 10 to 15 percent of the rock, occurs as
greasy gray grains in the interstices between feldspar
crystals. Much of the nepheline is altered to cancrinite.
Sodalite is common on joint surfaces. The pyroxene,
chiefly green aegirine-diopside and aegirine-acmite,
occurs as elongate prisms up to 15 mm in length that
have low birefringence and a reaction rim which is com-
posed of fine-grained green biotite and granular mag-
netite.

In the southern part of sec. 13 on the west border of
the complex (MC-198), the pegmatite is light gray and
has a holocrystalline xenomorphic-granular texture.
The minerals in thin section are: nepheline partly
altered to cancrinite, sericite, analcime and (or) sodalite
group minerals—about 20 percent; sodic orthoclase plus
microperthite—about 75 percent; and brown and green
biotite, colorless to purple fluorite some intergrown with
sphene, pyrite, and magnetite—about 5 percent.

A panned concentrate of the saprolite taken adjacent
to the analyzed sample (MC-120) contains the follow-
ing minerals in order of abundance: feldspar, clay aggre-
gates, nepheline, pyroxene, hematite, magnetite, and mica.
From an X-ray analysis of clay- and silt-size portion of
the saprolite, A. J. Gude 3d (written communication,
1956) reported major kaolinite and traces of mont-
morillonite and chlorite.

CHEMISTRY

Chemical and spectrographic analyses and norms of
nepheline syenite pegmatite, table 32, show that chemi-
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cal composition is very similar to the analyzed tinguaite,
table 28. It contains more K,0O than Na,O; BaO con-
tent is unusually high (1.5 percent); CaO, P;0; and
TiO, contents are low. V and Zr are low in comparison
to the other analyzed rocks; Co, Ni, Y, and Yb were not
detected ; Sr is high.

Comparison of the norm and mode indicates that
part of the sodium in normative albite is probably in
the barian sodic orthoclase and part in sodic pyroxene.
BaO which is in the modal sodic orthoclase was com-
bined with CaO in calculating normative anorthite and
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sis appear as normative sodium carbonate and halite,
and are present in the mode in cancrinite and sodalite.

Trace elements in the rock that equal or exceed 0.01
percent are Sr, Ba, La, Zr, and V. Niobium contents
of 0.01 percent were detected in 2 of the analyzed
samples.

Spectrographic analyses of minerals separated from
the analyzed rock (table 33) show the distribution of
trace elements within the rocks. Nb, V, and Zr occur
chiefly in titanium garnet; part of the Nb is in aegirine.
The iron content of the sodic pyroxene suggests that it

wollastonite. High CQO,;, SO; and Cl in the analy- is probably closer to acmite than aegirine. La, Cr, Mo,
TaBLE 32.—Analyses and norm of nepheline syenite pegmatite, in percent
MC-120 MC-120 | MC-198 | L-154 | L-155 | MC-120-b | MC-120-a | MC-120-¢ | MC-120-d MC-120
Standard chemical analysis ! Spectrographic analyses Norm
52.00 0.0004 | 0.0004 | 0.0002 | 0.0001 0 0 0. 0007 0 48.37
20. 80 nd.| .07 .1 .09 2 1-10 1-10 .01 8.91
2.36 nd. | .8 2 1 >10 >10 >10 .13 6.12
1.15 .001 .07 .6 .08 .4 .6 .6 .61 22.15
.22 1.5 .001 4 .5 .02 5 .06 2.4 .47
.28 0 . 004 0 . 003 0 0 0 0 .43
2.86 0 0 0 0 0002 0 0 0 2.65
1.52 0 0 0 0 0 0 0 0
7.87 .011 .01 .02 0 0 0 0 0 1.51
8.18 0 0 0 0 0 0 0 0 3.48
.04 n.d. 06 .3 .2 1-10 2 .7 01 3.36
1.00 0082 06 .02 01 .08 01 02 001 .46
.2 016 004 .04 02 .2 04 05 0 .23
1.10 0053 01 .01 005 .04 0 0 Nt
.05 0004 | 0 0 002 . 0001 00008 0
17 0007 | O 0 0 0 0
.32 14 .07 .2 1 .4 .6 2 005
.13 n.d .9 3 2 >10 >10 >10 2
.05 0 0 0 0 0 .001 . 002 0
0 0 0 . 0005 0008 0 0
Totalo-oeeemeee 100.34 . 0005 L0077 0004 . 0001 .001 . 0009 .001 .0001
............. .15 .0030 . 004 . 002 .003 .002 0 .001 .003
100.19 0 .006 0 001 0 0 0 0
Colorimetric analyses?
n.d. n.d. n.d.
n.d. n.d. n.d.
n.d, n.d. n.d.
n.d. n.d. n.d.
n.d. n.d. n.d.
Radiometric analyses 3
eV I 0.004 0. 005 0.006 0.006
Chemical analyses 4
Lo S 0.00010 | 0.00164 n.d. n.d.
Tho____222_.| .00044 | .00097 n.d. n.d.

1 Standard chemical analysis M C-120 by L. M, Kehl,

2 Colorimetric analyses by H. E. Crowe and A, P. Marranzino.

3 Radiometric analyses by B. A. McCall.

4 Low-level chemical analyses for uranium and thorium by J. C.Antweiler.

n.d.=not determined.
Looked for (spectrographically) but not found: Li, Cs, Ce, Hf, Th, P, Ta, Or, W, U,
Re, Ru, Rh, P4, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, Ti, Ge, Sn, As, Sb, Bi, Te.

EXPLANATION OF SAMPLES

X-ray X-ray analyst Spectrographic analyst
MC-120....-. Nepheline syenite pegmatite. ... H. J. Rose,
MC-198_ ____.|.-_ Q0 o Sol Berman,
J RS - N P o- Do.
L-155__...__.| Saprolite of MC-120 . __.ococeo. Do,
MC-: _..| Dark garnet J. D, Fletcher.
MC-120-a....| Aegirine-diopside. - - ccocccameoan Acmite.._... W, F. Outerbridge-.-. Do.
MOC-120-¢.....| Aegirine. . ol do__.o|-eoa s {« S Do,
MC-120-d- .| Sodic orthoclase Harry Bastron,
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TaBLE 33.—Analyses and norm of trachyte porphyry, in percent

Chemical analyses Spectrographic analyses Radiometric analyses Chemical analyses Norm
1~324 1-324 1~324 MC-193 1-324 MOC-193 X L-324
Si0ge e 53.89 || Be.ooo oo 0.0002 || eU..... 0. 004 nd. || U.......nd. 0. 00069 | or.._____ 46. 15
AlLOso oo 21.63 || Sro_.__..__ .2 Th......n.d. . 00136 || ab___.____ 14. 67
FerOse oo L74 ) Baoeoo____ .2 an_..___. 8. 34
eO. . .82 (| Yoo . 001 ne...-—-- 20. 16
MnO__ . 15 || Lao oo . 007 hl ______ .12
MgO. .. 43 | Ybo oo . 0002 ne__.oo-—_ .64
CaO_ o ____ 3.08 || Ti________ n.d. di.______ 2. 87
BaO_ . ___ 08 { Zr_ . ___.... .03 WO e .23
NayOoo e 6.62 || Po_____._.._ n.d. mt_____._ 2.55
90 e 7.80 || Vo______.__ .02 ) I 1. 22
90 — s 10 |{ Nbo._.._._ . 009 F:) IR .34
HO+ . .09 b Mn________ n.d. fro . .62
TiOg oo 60 || Fe_____..__ n.d. pro___-__ .72
COge e .26 || CUcee e . 001
PyOgec e .08 || Ga_______. . 002
SO08c e 07 I Pooea oo . 002
Cl .. . 09
P o .32
S J .35
Total_______ 100. 20
Less O .33
99. 87

n.d.=not determined.
Looked for (spectrographically) but not found: B, 8¢, Ce Th, Ta, Cr, Mo, W, U,
gie.’lgo. Ni Ru, Rh, P4, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, T}, Ge, Sn, As, 8b,
, Te.

Standard chemical analysis by M. K. Balazs.

and Ga are not concentrated in any of the minerals
analyzed. These elements can perhaps be accounted
for by the unanalyzed minerals: biotite, magnetite,
calcite, nepheline, cancrinite, and sodalite group min-
erals.
TRACHYTE PORPHYRY
DISTRIBUTION AND DESCRIPTION

Narrow dikes and small irregular-shaped bodies of
porphyritic rocks with sodic orthoclase phenocrysts
in a light- to dark-gray trachytic or tinguaitic ground-
mass are scattered throughout the complex.

Sodic orthoclase phenocrysts comprise 0 to 40
percent of the rock and are in a groundmass of equi-
granular nepheline and sodic amphibole and pyroxene.
The accessory minerals are sphene, apatite, magnetite,
pyrrhotite, pyrite, and fluorite.

Some of the variants are briefly described below:

MC-61.—In the northeastern part of sec. 18 a small irregular-
shaped body of gray prophyritic alkalic trachyte cuts pseudo-
leucite syenite. Corroded phenocrysts of perthite and sodic
orthoclase, and rare corroded phenocrysts of plagioclase make
up 5 percent of the rock. Aggregates of these feldspar crystals
up to 5 mm across occur with a purple mineral that makes up
about 2 percent of the rock. The anhedral purple mineral,
probably a member of the sodalite group, is isotropic and eolor-
less to reddish violet with the color irregularly distributed.
Groundmass sodie orthoclase as narrow laths—all partly altered

Spectrographic analysis by Sol Berman.

Radiometric analysis by B. A. McCall.

Low-level chemical analysis for uranium and thorium by J. C. Antweiler.
1-324. Trachyte porphyry, S34 sec. 19.

MC-193. Trachyte prophyry, SEY sec. 19.

to sericite—comprises about 78 percent of the rock. The
remaining 15 percent consists of anhedral sodalite(?) diopside-
hedenbergite rimmed with aegirine-diopside with minor calcite
alteration, aegirine-diopside, green biotite, sphene, colorless
garnet, and magnetite.

MC-1983—A narrow dike of light-gray phonolite porphyry
cuts undivided trachyte and banded trachyte in the south-
eastern part of sec. 19. Phenocrysts of tabular sodic orthoclase
and perthite up to 10 mm long make up about 20 percent of
the rock. The groundmass is composed of sodie orthoclase,
about 55 percent of the rock; plagioclase probably oligoclase,
about 5 percent; nepheline and analcime or sodalite both with
cancrinite alteration, about 10 percent; and late anhedral green
hornblende, sphene, apatite, pyrite, pyrrhotite(?), and mag-
netite, about 10 percent.

L-97—A narrow dike of dark-gray alkalic trachyte porphyry
cuts sphene-nepheline syenite and undivided trachyte breccia
in the south-central part of sec. 19. In the hand specimen,
phenocrysts of tabular sodic orthoclase up to 8 mm long make
up about 20 percent of the rock. In thin section, corroded
phenocrysts of sodic orthoclase and perthite plus groundmass
sodic orthoclase, all with sericite alteration, comprise about
83 percent; phenocrysts of andesine, about 2 percent; and
brownish-green biotite, pyrite, pyrrhotite(?), and magnetite,
about 15 percent.

L-324.—In the south-central part of sec. 19, the undivided
trachyte is cut by a light-gray phonolite porphyry. In the
hand specimen, phenocrysts of tabular sodic orthoclase up to
8 mm long make up about 20 percent of the rock. In thin
section, corroded phenocrysts of sodic orthoclase and perthite, both
kaolinized, and groundmass laths of sodic orthoclase partially
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altered to sericite, about 70 percent; anhedral nepheline partly
altered to cancrinite, about 10 percent; and green hornblende,
pale-brown biotite, colorless to brown garnet, colorless mica
(uniaxial negative), apatite, pyrrhotite, fluorite, and rare mag-
netite—about 20 percent.

CHEMISTRY

Chemical and spectrographic analyses and norm,
of trachyte porphyry, table 33, show the similarity
of this rock to tinguaite and nepheline syenite
pegmatite. The most distinctive characteristic of
all these dike rocks is that K,O is higher than Na;O.

The presence of pyrrhotite in the mode renders the
FeO/Fe;,0; ratio unreliable.

Trace elements equal to or greater than 0.01 percent
include Sr, Ba, Zr, V, and Nb.

MISCELLANEOUS TRACHYTES

Fine-grained dikes generally too small to be mappable
and not readily classified with the major types are
found in various parts of the complex. A few of these
are described below:

L—25.~—1In the northeastern part of sec. 24 on the north side of
U.S. Highway 270, sphene-nepheline syenite is cut by a light-
gray phonolite. The rock has a hypautomorphic granular tex-
ture and is composed of analeime or sodalite, about 2 percent;
nepheline (clear), about 25 pereent; sodic orthoclase and minor
perthite both with slight sericite alteration, about 65 percent;
green aegirine-diopside, pale-brown to colorless garnet, sphene,
magnetite, and rare pyrrhotite, 8 percent.

MC-27—About 100 feet west of L-25, the sphene-nepheline
syenite is cut by gray phonolite. In thin section corroded
phenocrysts of green aegirine-diopside and subhedral olive-green
hornblende erystals are set in an equigranular groundmass of
nepheline, sodic orthoclase and sodalite or analcime. Apatite,
sphene, and anhedral pale-brown garnet are the accessories.

MC-147—In the southwestern part of sec. 21, feldspathoidal
leucosyenite is cut by a dark-gray porphyritic phonolite com-
posed of phenocrysts and anhedra of nepheline partly altered to
cancrinite, analcime, or sodalite, and calcite, about 20 percent;
anhedral plagioclase, probably albite, about 1 perecent; anhedral
sodic orthoclase partly altered to cancrinite and calcite, about 39
percent; corroded phenocrysts of diopside-hedenbergite partly
altered to aegirine, needles and anhedral grains of aegirine and
acmite, brown to colorless garnet intergrown with sphene, and
yellowish-green biotite, about 40 percent.

MC-155.—In the northeast part of see. 17, the jacupirangite
is cut by a dark-gray feldspathoidal trachyte. Phenocrysts of
pyroxene up to 2 mm long make up about 5 percent of the rock.
In thin section the groundmass is trachytic and is composed of
analcime or sodalite, about 10 percent; subhedral laths of sodic
orthoclase with some calcite alteration, about 60 percent; zoned
hornblende (brown centers rimmed with green) partly altered to
green biotite; very pale brown phenoerysts of diopside-heden-
bergite(?) partly altered to green biotite; apatite; sphene partially
intergrown with colorless garnet; magnetite; pyrite, about 30
percent.
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L—-317.—Another sample, taken of the same mapped unit and
in the vicinity of MC-155, is somewhat different from MC-155.
This dark-gray feldspathoidal melatrachyte, is porphyritic with
macroscopic phenocrysts of pyroxene forming about 10 percent
of the rock. In thin section the minerals are: analeime or
sodalite, about 5 percent; sodic orthoclase and perthite partially
altered to zeolite and calcite, about 35 percent; and phenocrysts
of very pale brown diopside-hedenbergite partially altered to
green biotite, green biotite, sphene, apatite, magnetite, pyrite,
and brown biotite, about 60 percent. An inclusion of novaculite
in the rock has a reaction rim of plagioclase and aegirine.

APLITE

Scattered about the complex, as occasional pieces of
light-gray to gray aphanite or fine-grained phanerite
float, are the aplites. Usually the float is not abundant
so the bedrock units must be small. They all are
holocrystalline with a xenomorphic granular texture and
mineralogically they are variable. Some of the variants
are described below:

MC-40 (SWY; sec. 18).—Feldspathoidal syenite aplite composed
of sodic orthoclase (about 80 percent) deuterically altered to
calcite and analcime and (or) sodalite group (about 10 percent)
and acmite, green biotite, fluorite, apatite, magnetite, and pyrite
(about 10 percent).

MC-44 (SEY sec. 13).—Nepheline syenite aplite composed of
nepheline partly altered to analcime and/or sodalite group, about
15 percent; sodie orthoclase and perthite, about 80 percent; and
aegirine magnetite and pyrrhotite (?), about 5 percent.

L-30 (SWY sec. 18).—Alkalic syenite aplite composed of sodic
orthoclase and perthite partly altered to sericite (about 80
percent) and colorless to purple fluorite, green biotite, musco-
vite, ilmenite partly altered to leucoxene, and pyrite partially
weathered to hematite, about 20 percent.

L-318 (NEY sec. 17).—Alkalic syenite aplite composed of sodic
orthoclase and perthite (about 80 percent) and pale-green diop-
side-hedenbergite, sphene, magnetite, and pyrite—about 20
percent.

EUDIALYTE-NEPHELINE SYENITE PEGMATITE
DISTRIBUTION AND DESCRIPTION

Eudialyte-nepheline syenite pegmatite comprises less
than 0.1 percent of the exposed igneous rocks of the
complex and occurs in two localities—both in the north-
ern part of sec. 19. A poorly exposed pegmatite with
very coarse aegirine cuts fine-grained ijolite in the
southeastern part of sec. 18 on Cove Creek. No eu-
dialyte has been observed in this pegmatite but for
mapping purposes it has been lumped with eudialyte-
nepheline syenite pegmatite.

The eudialyte-bearing pegmatite varies in texture
from a fine-grained to very coarse grained phanerite.
The coarse-grained parts are well known for beautiful
specimens of aegirine crystals up to 6 inches long, and
ruby-colored eudialyte crystals up to 1 inch across.
Williams (1891) has described in detail the mineralogy
of the coarse-grained part. He mentions garnet, il-
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menite, magnetite, nepheline, orthoclase, thomsonite,
and wollastonite, and describes aegirine, astrophyllite,
brucite, eucolite, eudialyte, manganopectolite, micro-
cline, natrolite, and sphene.

In thin section the fine- to medium-grained parts of
the dikes have a hypautomorphic-granular texture and
are composed of aegirine; anhedral sodic orthoclase and
(or) microcline partly altered to cancrinite, calcite,
pectolite, zeolite, and sodalite group; nepheline partly

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

the Na,O in normative nepheline occurs as aegirine
in the mode.

Material in the pegmatite that looked like chert was
identified from an X-ray analysis by F. A. Hildebrand
as tobermorite, a hydrated lime silicate. Chemical
analysis of tobermorite is given in table 35.

TaBLe 35.—Chemical analysis of tobermorite from eudialyie-
nepheline syenite pegmatite
[Sample L-167-7. Standard chemical analysis by L, N. Tarrant]

. £y . Constituents Percent
altered to cancrinite and usually poikilitically included 3310 45. 41
in the feldspar; euhedral to anhedral sphene some par- %‘132%3 -------------------------- 4 "7)2
. . . 1 7 S ——— .
tially altered to leucoxene; apatite; magnetite; euhedral FeO__ ... . 00
eudialyte; pyrite; pyrrhotite. 1\1\%28 -------------------------- o 05
Cal_ 03575
CHEMISTRY
Na,O_ . .32
Chemical and spectrographic analyses, norm, and 11%8: ------------------------- 3 g%
. . . A e .
mode of the fine-grained part, table 34, are very similar HoO4 e 9. 48
to normal nepheline syenite except that K,0O is un- %‘182 -------------------------- o
. 2 e e
usually high. Cl. . T 0
Halite and thenardite of the norm appear in the B 0
mode as a member of the sodalite group. Much of Total - eemeoeemcemmm e 99. 88
TaBLE 34.—Analyses, norm, and mode of eudialyte-nepheline syenite pegmatite, tn percent
Chemical ! Spectrographic 2 Radiometric3|| Chemical ¢ Norm Mode &
1-303 1303 | L-167-1 | 1-167-2 |L-167-3|L-167-4|L-167-5{L-167-6|L-167-7 L-303|| L-303 L-303 1303
Be._..|0.0002 | © 0 0 0 0 0.002 | 0.002 | eU..[0.006 || U...|0.002 || or.___|s2.81 || Nephetine...___.| 5
Mg_..| n.d. 05 |[>10 .02 . 006 .03 .02 .009 ab...| 9.43 || Sodic orthoclase. 47
ne..__|26.70 || Sodalite group. - 1
Sro._. 2 .8 o4 | .ot | .0009| .2 | .05 | .o nlZ| .12 || Zeotite (bire- }
fringent)
.1 .2 1} .07 .06 .01 .02 .04 th....} .28 ini
0 “0004 | 0 0 0 ac.._| 2,77
002 | 00 | 0 0 o .003 | 0 0 il 572
. 009 .4 0 .02 .02 wo._._| 3.94
. 0003 n.d. n.d. n.d. n.d. n.d. n.d. n.d. mt_..| 2.78
nd. | .4 .5 006 | .006 | .04 | .03 | .003 i 7| Tes
04 [>10 .07 ) 0 ap__| .34
.03 .01 .1 .01 . 009 02 006 . 009 fro_..| .07
.01 .09 0 0 0 pro.-| .24
. 001 . 002 .001 .001 . 0009 . 001 . 002 .002 ce.-.-{ 1..10
0 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
nd.| .48 48 007 | 0 5| 005 | .08
n.d. 2.2 >10 .09 2 .02 . 002
0006 | 0 0 0 o o |o 0
Cu-...| .002 . 002 . 0007 .00t . 0009 .00L | . 0009 . 0008
Ga | 003 | o 0 004 004 | 0 002 |0
sn.___|o o | o o |o o o 0
Pb. 2|0 008 | o o o .008 | 0 0

1 Standard chemical analyses by M. K, Balazs,

3 Spectrographic analysis: L-303 by Sol Berman; all other samples by H. J. Rose.
3 Radiometric analyses by D. L, Schafer,

4 Chemical analysis for uranium by J. P, Schuch.

$ Mode by L, V. Blade.

0=looked for but not found.

n.d.=not determined.

Looked for (spectrographically) but not found: Ce, Hf, Th, P, Ta, W, U, Re, Ni,
Pt, Ir, Pd, Ag, Au, Zn, Cd, Hg, In, T, Ge, As, 8b, Bi, Te, B.

EXPLANATION OF SAMPLES

Sample X-ray Analyst
L-167-1..._._. Eudialyte.. ...
L-167-2. Aegirine
L-167-3....... Microcline. . ..o..cccae Microcline....._.__. F. A, Hildebrand,
L-167-4.___.__ Microcline. . __ -----do. - Do.
1-167-5. Pectolite
L-167-6. Natrolite
L1677 o Tobermorite.........- Tobermorite. ....... Do.

L-303. Eudialyte-negheline syenite pegmatite, NW{ sec. 1!
om coarse-grained part of pegmatite,

Aegirine from coarse-grained part of pegmatite, NEY, sec, 19.

Microcline from coarse-grained part of pegmatite, NE1{ sec, 19.

. Microcline from coarse-grained part of pegmatite, NE4 sec. 19,

. Pectolite from coarse-grained part of pegmatite, NE1{ sec. 19,

Natrolite from coarse-grained part of pegmatite, NE} sec, 19,

. Tobermorite from coarse-grained part of pegmatite, NE1{ sec. 19,

L-167-1.
L-167-2.
L-167-3,

Eudialyte

9.
NEY sec. 19,
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Compared with the average of analyses of igneous
rocks in the complex (table 46), the analyzed rock is
lower in MgO, Fe,0;, FeO, MnO, CaO, BaO, TiO,,
CO,, P,0;, Cl, F, S, and higher in SiO,, ALO;, Na;O,
K;0, SO;.

Trace elements in the rock that are equal to or
exceed 0.01 percent include: Sr, Ba, La, Zr, V, Nb,
and Mn.

Spectrographic analyses of several minerals hand
picked from the coarse to very coarse pegmatite, table
34, show that Sr, Ba, Sn, Pb, Nb, and La are concen-
trated in eudialyte. La also occurs in pectolite and
tobermorite; V and Zr occur chiefly in aegirine; Ga is
in microcline.

GARNET FOURCHITE

Garnet fourchite occurs in the southwestern part of
sec. 18, where the saprolite and float pattern suggest a
small dike that cuts fine-grained ijolite and analcime
olivine melagabbro.

The rock is a dark-gray porphyritic aphanite in which
phenocrysts of pyroxene comprise 20 to 40 percent of
the rock. It weathers to a light greenish-brown
saprolite with black spots. In thin section the augite
phenocrysts are a very pale brown in color and appear
zoned only under crossed nicols. They are set in a
xenomorphic-granular groundmass of brown to colorless
garnet—about 18 percent; magnetite-ilmenite rimmed
with sphene—about 23 percent, analcime(?)—about 8
percent, nepheline partially altered to calcite—about
5 percent, and a trace of pale brownish-green biotite.

Material in the panned concentrate of the saprolite
occurs in about the following order of abundance:
garnet, magnetite, pyroxene, rutile, and brookite.
From an X-ray analysis of the silt- and clay-size
portion of the saprolite, A. J. Gude 3d (written com-
munication, 1956) reported major montmorillonite and
chlorite.

Spectrographic analyses of the fresh rock and
saprolite, table 36, indicate that Cu, Co, Ni, and rare
earths are unusually high in this dike rock. The
repeat determinations show excellent agreement within
the limit of spectrographic sensitivities for the elements
detected.

DIKES OUTSIDE THE COMPLEX

Igneous dikes, ranging in width from less than 6
inches to at least 25 feet and in length from less than
6 feet to at least 4,500 feet, are abundant in the broad
valley to the west of the complex (fig. 4), and they are
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TaBLE 36.—Analyses of garnet fourchite, in percent

L-94a | L—94a | L-94b | L-94b
Spectrographic analyses 1
Be oo ___ 0. 0001} 0. 0002 0.0003] 0.0001
Mg ... CTTTTTTTT R R 2 3
Ca . >5 >5 >5 >5
1) S .2 .5 .04 .04
Ba oo . .1 .1 .3 .3
B .. 0 . 001 0 . 002
S . . 004 . 004 . 004 . 006
Yoo . 004 . 005 . 006 .01
.01 .03 .03 05
. 06 <.1 .09 0
0 0 . 0005 . 0009
2 3 2 >5
.02 .03 .03 .03
.02 .04 .02 05
.01 01 .01 01
Cro . . 007 02 007 01
Mn.__ o _____ .2 .4 .2 .5
Fe oo 3 >5 4 >5
COe e . 002 . 004 002 . 005
Nic o . 002 . 004 . 003 . 004
CUe e e 02 .02 02 .03
n. ... 0 .04 0 0
Glome e . 002 . 003 . 001 . 002
Colorimetric analyses 2
Aso . nd. .. __... 0.001 |o._.___.
3]« T nd. |________ L0002 ...
o e nd, |- ... 015 ... ..
Radiometric analyses 3
eU. e 0.002 .o 0.002 |-
1 Spectrographic analyses by Sol Berman.
2 Colorimetric analyses by H. E. Crowe and A. P. Marranzino.
3 Radiometric analyses by B. A. MecCall. L-94a, Garnet

fourchite, SW¥% sec. 18. IL—94b, Saprolite of garnet fourchite,
SW1 sec. 18.

n.d.=not determined.
Looked for but not found: Hf, Th, P, Ta, W, Mo, U, Re, Rh, Pd,
Os, Ir, Pt, Ag, Au, Cd, Hg, In, Tl, Ge, Sn, Pb, As, Sb, Bi, Te.

particularly abundant in the contact zone (pl. 1).
Commonly, the dikes are revealed by float pieces and
they rarely are exposed across their full width. The
abundance of weathered dikes exposed in the road cut
along the south side of the complex indicates that dikes
probably are much more common than indicated by the
float. Mineralogically, they are variable. Some can
be grouped with the types within the complex but most
cannot be so grouped. The rock types include pegma-
tite, aplite, syenite, trachyte porphyry, trachyte,
tinguaite, andesite, diorite, monzonite, and lamprophyre
and are described in table 37.
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TaBLE 37.—Description of dike rocks that occur outside the complex

Sample No.

Map
No.

Rock name

Texture

Mineralogy

do.

Nepheline syenite pegmatite....| Holocrystalline hypautomorphic

granular.

w

- S o

o0

©

10
11

_____ do —

0

Sphene cancrinite syenite

Garnet pseudoleucite syenite.. .
Sphene garnet nepheline syenite

granular,

chyte porphyry.

phyry.

Leucophonolite. ..

Phonolite porphyry

Alkalic trachyte .........

Alkalic leucotrachyte.

Alkalic leucotrachyte porphyry.-| Holocrystalline aphanitic......._._

Hornblende feldspathoidal tra- do. .

Altered alkalic trachyte por- |.____do.

Altered alkalic trachyte

Corundum alkalicleucotrachyte.|..-.. do. .
Alkalic leucotrachyte

Alkalic leucotrachyte

Feldspathoidal leucotrachyte_... do —_—

Phonolite. - eocae_.oo

L U S

Andesite Holocrystalline hypautomorpbic
granular,
bluish-green
MC-197. ... - Diorite. do.
L-225. el Monzonite do. rthocl

Nepheline and sodic orthoclase partially altered to cancrinite, analcime,
or sodalite group, and minor sericite; brownish-green biotite; aegirine
diopside; brown garnet intergrown with sphene; and pyrite.

Orthoclage, microcline, and microperthite (64 percent); nepheline (14
percent); analcime or sodalite group with minor calcite (12 percent);
green biotite (6 percent); acmite (3 percent); and magnetite (1 percent).

Microcline, microperthite, and nepheline partially altered to cancrinite
and sericite, sodalite group, brown biotite, muscovite, and zircon.

Orthoclase, minor microperthite, minor albite, brown biotite, brownish-
green hornblende, minor aegirine, zircon, and magnetite.

Microperthite, pale green hornblende, aegirine, sphbene, zircon, and
hematite and limonite {from pyrite(?).

Nephbeline(?) completely replaced by muscovite (1 percent); orthoclase,
perthits, and minor plagioclase (62 percent); muscovite, brownish-
yellow biotite, and magnetite partially weathered to limonite and
hematite (37 percent).

Same as described for this rock type within the igneous complex.

Do.
Do.
Do.

Do.

Sodic orthoclase partly replaced by sca.golite(?) and minor analeime or
sodalite group and calcite; pale-green hornblende some with irregular
bluish-green zones; spbene; brown garnet, apatite and pyrite.

Sodie orthoclase and nepheline partly altered to sodalite group, diopside-
hedenbergite rimmed with aegirine-diopside and aegirine, aegirine,
sphene, brown to colorless garnet, apatite, magnetite, and pyrite,

Sodic orthoelase and nepheline partially altered to cancrinite, analeime,
or sodalite group, and calcite; diopside-hedenbergite rimmed with
aegirine-diopside and aegirine and partly altered to biotite, magnetite,
and leucoxene; brown and green biotite; apatite; magnetite; and pyrive.

Sodie ortboclase and nepheline partly altered to cancrinite, zeolite, and
sodalite group or analcime; aegirine-diopside rimmed with aegirine;
sphene; magnetite; and pyrite.

Phenocrysts of microperthite partly altered to sericite, phenocrysts of
nepheline(?) completely altered to sericite, orthoclase partially altered
to sericite, and hematite from pyrite(?).

Phenocrysts of microperthite and groundmass orthoclase plus minor
plagioclase partly altered to calcite (68 percent), sodalite group or
analecime (6 percent), diopside-hedenbergite and aegirine-diopside
rimmed with hornblende (2 percent); brownisb-green and bluish-green
hornblende (30 percent); green biotite (1 percent); sphene (2 percent);
anc pyrite and pyrrbotite (1 percent).

Orthoclase partly altered to calcite (53 percent), phenocrysts of brown
biotite (8 percent), diopside partly altered to hornblende and calcite
(1 percent), yellowish-green and bluish-green hornblende partly altered
to chlorite and calcite (9 percent), calcite (20 percent), gyrite (6 per-
cent), apatite, sphene, magnetite, and chlorite (3 percent).

Phenocrysts of nepheline altered to cancrinite and calcite; phenoecrysts of
sodic orthoclase; phenocrysts of sodalite or analcime group Dartly altered
to calcite; groundmass sodic ortboclase, diopside-hedenbergite rimmed
with aegirine-diopside, acgirine-diopside, phenocrysts of brown to color-
less garnet, sphene, apatite, and magnetite. .

Sodic orthoclase and microperthite partly altered to sericite, nepheline(?)
completely altered to sericite, muscovite, and limonite and hematite
weathering of pyroxene(?) and pyrite(?). i -

Orthoclase and minor albite partly altered to sericite, sodalite group or
analcime, epidote(?) and pyrite(?). .

Orthoclase partly replaced by scapolite(?) (21 percent), scapolite(?) partly
altered to calcite (29 percent), calcite (9 percent), yellowish-brown to
bluish-green hornblende partly altered to biotite (27 percent), pale-
brown biotite (6.5 percent), sphene (4 percent), pyrrhotite (3 percent)
and apatite. i

Orthoclase as phenocrysts and groundmass, partly altered to sericite;
corundum; reddish-brown biotite; pyrite; and magnetite.

Orthoclase and microperthite as phenocrysts and orthoclase as ground-
mass, pyrite, and calcite.

Phenocrysts of orthoclase and microperthite and groundmass orthoclase
partly altered to sericite, nepheline(?) completely altered to sericite,
epidote(?) introduced into vesicules.

Phenocrysts of orthoclase and microperthite and groundmass orthoclase
partly altered to analcime or sodalite group and calcite, eolorless garnet
and sphene intergrown, fluorite, pyrite, and leucoxene and chlorite
from pyroxene(?).

Phenocrysts of microperthite partly altered to sericite, orthoclase partly
altered to sericite, nepheline(?) completely altered to sericite, and pryite.

Orthoclase almost completely altered to sericite, nepbeline almost com-
pletely altered to sericite and calcite, magnetite, pyrite, and leucoxene,

Orthoclase, nepbeline partly altered to analcime and sodalite group, can-
crinite and calcite; diopside-hedenbergite rimmed with aeg;rine—diop—
side, aegirine-diopside, zoned brown to colorless garnet, apatite, pyrite,
and magnetite. . .

Orthoclase and nepheline partly altered to zeolite, analcime or sodalite

oup, and calcite; green hornblende, green biotite, sphene, diopside-
edenbergite, apatite, brown to colorless garnet, pyrite, and magnetite.

Same as description for this rock type within the igneous complex.

0.
0.

Do,

Orthoclase (2 percent), andesine partly altered to calcite (49 &Iperoent),

colorless djoiside (8 percent), brown hornblende partly altered to
ornblende (32 percent), sphene (5 percent), apatite and
magnetite (3 percent). ]

Orthoclase and microperthite (15 percent), andesine (50 percent), and
diopside partly altered to brown hornblende, brown hornblende,
sphene, apatite, pyrite, and magnetite (35 %ereent).

and andesine partly to completely replaced by scapolite(?),

See footnotes at end of table.

bluish-green hornblende, brown biotite, sphene, apatite, pyrite, and
pyrrbotite.
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TasrLe 37.—Description of dike rocks that occur outside the complex—Continued

Sample No, l&ap Rock name Texture Mineralogy
0.

MC-208..cen. . do Seriate porphyritic. Orthoclase, andesine, titaniferous augite partly altered to brown horn-
ptleendedand b{gwn biotite, brown hornblende, apatite, sphene, magnet-
ite, and pyrite.

L-255% o eaaeee Feldspathoidal syenite lampro- | Holocrystalline hypautomorphic | Orthoclase (17 percent), analcime or sodalite group (17 percent), pale-

phyre. granular. green diopside-bedenbergite and green hornblende (39 percent), brown-
ish-green biotite (3 percent), zoned brown to colorless garnet (12
percent), sphene (7 E)ereent), magnetite (4 percent), apatite and pyrite.

L270% e Altered nepheline syenite lam- [_.___ L (s T .| Orthoclase partly replaced by calcite, phenocrysts of nepheline(?) com-

prophyre. pletely replaced by calcite, sphene, brown biotite partly altered to
pale-green biotite, magnetite, ;geyribe, and apatite.

1299 ——— Feldspathoidal syenite lampro- |..... [ s O, Orthoclase, analcime or ‘sodaii group, leucoxene from pyrozene(?),

phyre. magnetite, sphene, apatite, and pgrlte,

T2 I 16 | Nepheline syenite lamprophyre_|..... L L S, Orthoclase, nepheling partly altered to zeolite, cancrinite, and analcime
or sodslite group; brownish green biotite, very ga.le brown diopside-
hedenbergite rimmed with palegreen diopside-hedenbergite and partly
altered to biotite, sphene, apatite, magnetite, and pyrite.

L2092 e caeeee Diorite lamprophyre - .---cc---- PorpyhritiC. . - cooocoeeeeocaoeeee Orthgclase antgliggine, colorless diopside(?), brown biotite, sphene, apatite,
and magnetite.

L276* e ceacaen Gabbro lamprophyre. -ee.oceeon|oooo. [ T Labradorite, corroded ({shenocrysts of augite(?) rimmed with hornblende
and partially altered to biotite, colorless diopside, very pale brown
hornblende, brown biotite, magnetite, and pyrite.

L1298 ameee Altered fourchite -..-do. .| Phenocrysts of pyroxene altered to chlorite, calcite, zeolite, and leucoxens;
zeolite, calcite, apatite, magnetite, and pyrite.

13008 cmeecmaae Fourchite... . do Phenocrysts of diopside-hedenbergite(?), minor brown biotite, apatite,
magnetite, pyrite, analcime(?), and calcite.

1-300b. e Altered fourehite. . -ceeoecumemeas]|ooooo do Phenocrysts of Igroxene(?) altered to chlorite, calcite, and leucoxene;
apatite, magnetite, pyrite, zeolite, and calcite.

T-1618 e ocooaeeee 16 | Fourchibe. o oeoeooeomcoemeeccna]oee. QO e Phenoerysts of titaniferous augite(?) slightly altered to segirine, chlorite,

802 cacecaeeee Altered ouachitite..oceaemmnaeeo | __.. [ 1 T,
I-258.c e 18 | Ouachitite. - oo Ui U T,
T-228 o ea Alkalic syenite lamprophyre._ _..| Porphyritie. ... ... ____...___
1288 do S
L-289*._. we---do L [ S
MC-209. ... Calci-alkalic syenite Iampro- do
phyre.

LA90camcccccaeaae Diorite lamprophyre. ... __-|..... Lo 1+
Le23taecccac o om0 | o L
1~260* do. do. e
I-227%  eeaeee 19 | Biotite monchiquite....—-.__..|____. [ () Y
172 ceeae 20 | Fine-grained ijolite. ..—-oo._ ... Hypautomorphic granular..._....
L3209 oo Micromelteigite .. _...._.___... do.
L 27T ceceecmn Hornblende pyroxenite. ... ... do.

21 | Sphene-biotite pyroxenite_.__.__. do.

22 | Quartz feldspar vein.......___..

23 | Fluorite vein.

24 | Quartz-brookite-rutile vein

and biotite; magnetite, ilmenite, pyrite, apatite, and late nepheline,
analcime(?) and calcite.
0.
Do.
Phenocrysts of augite(?) (18 percent), corroded phenocrysts of brown
biotite (7 percent), magnetite and ilmenite (32 percent), analcime(?),
nepheline, cancrinite, and calcite (40 percent), apatite and pyrite (3

percent),
.| Pyroxene(?) altered to leucoxene, reddish-brown biotite, pyrite, and late

analcime(?), calcite, and zeolite.

Phenocrysts of brown augite(?) irregularly zoned with green-tinted
augite(?), corroded phenocrysts of brown biotite, magnetite, pyrite,
apatite, and late analcime(?), nepheline, cancrinite, zeolite, and calcite,

Orthoclase partly replaced by scapolite and calcite, pi:enocrysts of pyrox-
ene(?), completely altered to hornblende, calcite, chlorite, and sericite,
green and bluish green hornblende partially altered to biotite; sphene,
a;})]atite; magnetite, and pyrite.

Orthoclase and andesine partly altered to scapolite(?), diopsidebedenber-
ite(?) rimmed with hornblende, green hornblende partially altered to
rown biotite, sphene, apatite, magnetite and pyrrhotite. The rock

is cut by microscopic veinlets of diopside and plagioclase.

Orthoclase with minor sericite alteration (30 percent), titaniferous augite
(?) partly altered to hornblende (5 percent), brownish green hornblende
85 pewe?)t), sphene (8 percent), apatite, magnetite, and pyrrhotite

percent).

Orthoclase with minor zeolite alteration, andesine, titaniferous augite,
brown hornblende, brown biotite, sphene, apatite, pyrrhotite, an
magnetite-ilmenite.

Andesine, diopside-hedenbergite(?) partially altered to hornblende,
greenish brown hornblende, sphene, apatite, and pyrrhotite. The
ron%ktis cut by microscopic veinlets of orthoclase, plagioclase and mag-
netite.

Andesine, phenoerysts of pyroxene(?) completely altered to biotite,
brown biotite, apatite, pyrite, magnetite, sphene, and hornblende.
The rock is cut by microscopic veinlets of diopside and plagioclase
partly altered to scapolite(?). .

Andesine (34 percent), pale green diopside-hedenbergite (7 percent),
brownish green hornblende poikilitically includes sphene, apatite,
magnetite, and andesine (40 percent), sphene (11 percent), apatite,
magnetite, and pyrite (7 percent).

Corroded phenocrysts of olivine partly altered to antigorite and chrysotile
(16 percent), phenocrysts of augite(?) slightly altered to biotite and
calcite (25 percent), corroded phenocrysts of brown biotite (18 percent{,
magnetite-llmenite partly altered to leucoxene (21 percent), late anal-
cime(?) and caleite (18 percent), apatite, sphene, and pyrite (2 percent).

Diopside-hedenbergite, brown garnet, brown biotite, perovskite, apatite,
magnetite, pyrite, and nepheline partly altered to zeolite and calcite.

Diopside-hedenbergite almost completely altered to chlorite, brown
biotite, sphene, magnetite, pyrite, and late zeolite and calcite.

Diopside-hedenbergite partly altered to hornblende and calcite, brown
ﬁ011(1?1))1ende, brown biotite, sphene, pyrite, and late calcite and seapo-

te(?).

Diopside-hedenbergite, brown biotite, sphene, apatite, magnetite, pyrite;
and late orthoclase, analcime or sodalite group, zeolite, and calcite.

1 Map number refers to location of dike rock or vein shown in figure 4.

*Spectrographic analysis made (table 38).

Other rocks are shown on plate 1.
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The spectrographic analyses of dike rocks (table 38)
show relatively uniform high concentrations of Sr, Ti,
Zr, NDb, and rare earths and emphasize the genetic re-
lationship of these dike rocks to the Magnet Cove in-
trusive complex. The concentrations of individual
minor elements are related to rock types. Sr, Sec, Ti,
Cr, Co, Ni, Cu, and Zn are most abundant in the basic
lamprophyre dikes; B and Pb are most abundant in the
felsic dike rocks. Particularly notable enrichments are
0.02 percent B and 0.2 percent Zr in an alkalic syenite
aplite (I.-36); 0.08 percent Cr and 0.02 percent Ni in
a biotite monchiquite (1.-227); 0.08 percent Zn in a
gabbro lamprophyre (L.—276); 0.02 percent Pb in a
hornblende feldspathoidal trachyte porphyry.

VEINS

Significant deposits of rutile, brookite, and molyb-
denite occur in veins within the igneous complex and
the contact zone.

Fryklund and Holbrook (1950) made a detailed study
of the veins of the Magnet Cove Titanium Corporation
deposit, the Hardy-Walsh brookite deposit, and the
Christy brookite deposit. Holbrook (1948) and Fryk-
lund and Holbrook (1950) have described the veins in
the Mo-Ti Corporation molybdenum-titanium prospect.

In the Magnet Cove Titanium Corp. open pit in secs.
17 and 18, Fryklund and Holbrook (1950) described
six major vein types and several minor types that occur
as small veinlets. The six major vein types are:
sugary-textured albite-dolomite microcline-calcite, al-
bite-ankerite, coarse-grained albite-perthite carbonate,
calcite-rutile, and coarse-grained calcite which may
be equivalent to the carbonatite. The minor types
include: dolomite, dolomite-rutile, dolomite-pyrite,
dolomite-rutile-pyrite, dolomite-rutile-pyrite-green bio-
tite, dolomite-green biotite, fluorite, and pyrite.

The Hardy-Walsh and Christy deposits are in re-
crystallized novaculite of the contact zone. Fryklund
and Holbrook state that the veins in these deposits are
composed of recrystallized quartz (clear and smoky)
and introduced rutile, brookite, taeniolite, pyrite(?),
and clay minerals, kaolinite and nontronite(?). A
late quartz-goethite vein cuts residual ore in the Hardy-
Walsh deposit.

The range of Nb, TiO;, Y, V, and La, in samples from
the Magnet Cove Titanium Corp., Christy Brookite,
and Hardy-Walsh Brookite deposits is shown in table
39. Spectrographic analyses of rutile-bearing veins
outside of the major deposits are shown in tables 40 and
41.

Molybdenum-bearing veins cut jacupirangite in the
Mo-Ti prospect in sec. 17; they were first described by
Sleight (1941). Holbrook (1948) and Fryklund and
Holbrook (1950), who described the veins in detail,
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found that molybdenite mineralization followed the
introduction of feldspar veins composed of microcline
(about 80 percent), albite, apatite, brookite, rutile, py-
rite, and sphene in varying amounts,

Molybdenite also was noted in the Magnet Cove Ti-
tanium Corp. deposit by Fryklund and Holbrook (1950)
and in the carbonatite at the Kimzey calcite quarry by
Fryklund, Harner, and Kaiser (1954). Spectrographic
analyses of a molybdenite-colorless mica veinlet in car-
bonatite (I.-171) and material dredged from a stock
pond in the western part of section 20 (L~150), com-
posed of colorless mica—about 75 percent, molyb-
denite—about 15 percent, and apatite, hematite, limo-
nite, and pyrite—about 10 percent, are given in table 40.

Other veins containing dominant quartz, quartz-
feldspar, quartz-brookite-rutile, feldspar, feldspar-car-
bonate, or apatite were mapped and are shown on the
geologic map, plate 1. Concentrations of float crystals
of rutile, brookite, and paramorphs of rutile after brook-
ite also were noted on the geologic map.

TABLE 39.— Range, in percent, of Nb, TiOz, V, Y, and La content
in veins of the major deposits

[From Fryklund, Harner, and Kaiser (1954)]

Deposit Nb TiOs \% l Y La
Mégnet Cove Titanium | 0- 12 0.25-15.8| 0.013-.47 0-.31 0-. 51
orp.
Christy Brookite ....__..... 0-.45 2.0-26. 3| .08-1.0 0-.14
Hardy-Walsh Brookite. ... 0-. 46 .082-37. .019-.34 0-.034 0-.076

Fluorite and sodalite coat the joints in the pegmatite
at the Diamond Jo quarry, and Fryklund and Holbrook
(1950) report small fluorite veinlets in the Magnet Cove
Titanium Corporation deposit. A vein composed of
colorless and purple fluorite, anhedral quartz, chalced-
ony, zeolite(?), and witherite(?) was found in the area
known as the V-intrusive in sec. 19, T. 3 S., R. 18 W,
west of the Magnet Cove complex (fig. 4).

Apatite veins composed of occasional clusters of bio-
tite and of garnet in a matrix of subhedral apatite, cut
the biotite-garnet ijolite in the NW1/4 sec. 20. Fresh
material from a bulldozer cut is composed of apatite,
pyrite, and zeolite(?) in varying proportions. The
fresh rock is partly fine grained, L—-116b, and partly
medium grained L-116¢c. It weathers to a very fine
grained mass of iron oxide rich in secondary apatite, and
occasional crystals of rare earth phosphates(?), L-116
and L—116e.

L-116f is composed of resistant apatite and fine-
grained limonite and hematite from partly weathered
pyrite. Spectrographic analyses of these samples are
given in table 42.

A very irregular vein, 2 to 8 inches wide, of earthy,
very fine grained pale greenish-yellow material occurs
within the extremely weathered part of the apatite-
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pyrite vein. As determined by X-ray the material is a
mixture of monazite and a plumbogummite group min-
eral. The monazite is characterized according to
Murata and others (1957) by a high La- Ce-Pr index,
87, and little or no thorium (no thorium was detected
in the analysis, table 42).

From the following evidence it appears that the mon-
azite is a product of the weathering of the apatite-
pyrite vein:

1. No monazite was detected in the fresh rock.

2. The monazite is earthy and no remains of original crystals
were detected in the smaller vein.

3. The smaller vein was observed only in the weathered portion
of the apatite-pyrite vein.

4. Lack of detectable thorium in both the monazite and apatite-
pyrite vein.

The spectrographic analyses of veins (tables 40, 41,
42) and vein minerals (table 43) indicate that the trace

%5

elements have a wide range of concentration but Nb,
Mo, Ce, Pb, Ga, and U are more consistently enriched
in the vein rock than in the major rock types. Other
elements such as Co, Y, Zn, Zr, and V, show erratic,
high concentrations in individual veins.

The niobium is concentrated in rutile and brookite;
molybdenum is in molybdenite and feldspar; cerium is
in apatite; lead and gallium are in feldspar. The high-
est uranium (0.058 percent) is in a monazite-plum-
bogummite group(?) vein; lesser concentrations (0.01
to .018 percent) occur in the clay material from brookite
veins.

A lithium content of 0.03 percent was detected in
the three veins analyzed for lithium. It probably oc-
curs in a micaceous clay mineral. Similar concentra-
tions of lithium can be anticipated for most of the other
veins,

TaABLE 40.— Analyses, in percent, of veins

L-150 | L-171 | W-19 | L-31 | L-60a | I-74 | I-76 | L-78 | L-112 | IL-278 | L-310 | L-310a | L1-339a | L-339b| Range
Semiquantitative spect hic analyses
[Analyst, H. J. Rose]
........................ 0.03 0.03 n.d. n.d. n.d. n.d. n.d. n.d. | 0.03 n.d. n.d. n.d. n.d. W T
- . 0003 . 0003 | 0.0003 | 0.0001 0.0003 | 0.0001 | 0.0003 0 0.0003 | 0.0003 | 0.0003 | 0.0003 | 0.001 o .
] 10 10 .03 .03 .1 .3 .3 .03 .1 .03 .03 .03 .1 .01 . 01-10
. .1 10 .03 .01 . 003 .01 .03 .003 .03 .003 1.0 .003 .1 .03 .003-10
- .03 .3 .03 .03 .03 .03 .1 . 003 .003 . 001 .03 .003 .01 .1 .001- .3
- .3 .3 .03 .3 .3 .3 .3 .03 .1 . 003 .03 .03 .01 .1 .003- .3
....... 0 0 0 0 0 0 . 003 0 0 . 001 .003 0~ .003
0 .0003 | .00t |0 0 L0003 | 0 .0003 | .0003 .0003 | .003 . 001 . 003 .003 0- .003
_ .003 .01 .03 . 001 . 001 .003 | 0O .003 {0 .01 .03 .01 .03 .01 0- .03
- .01 .03 .1 . 003 0 .0t .03 .01 0 0 .1 .03 .003 .1 0- .1
- 0 .03 0 0 0 0 0 0 0 .3 .1 0 .1 0- .3
- .1 .03 3.0 .1 .1 1.0 .1 .1 .3 10 1 .3 3.0 3.0 .03-10
- 0 0 .03 .03 1 .1 .03 .01 01 .1 .003 | O .01 . 003 - .1
40 1.0 0 0 0 0 0 3.0 0 0 .3 0-3
- .01 .01 .1 .0t .01 .01 . 003 .3 .03 .3 .003 .003 .3 .1 .003- .3
- .01 .03 .1 .0l .01 .03 .03 .03 .3 .1 .03 .1 .1 0- .3
- . 0003 .0003 | .0003 | .0003 . 001 .0003 | .0003 . 003 001 .03 . 001 . 001 .01 . 003 0003- .03
- .3 .3 0 0 0 .003 .003 0 0 0 0 0 . 003 .01 0 .3
- .3 .3 .3 .03 . .01 .03 .3 .03 .1 .1 .03 .003 . 003 .003- .3
| 3 1 10 3 10 3 3 10 .3 3 3 3 .3 3 .3-10
- . 0003 0 .003 | O .0003 | .0003 | O 001 |0 .001 | O 0 .001 . 003 0~ .003
- 0 0 0 0 . 003 .003 |0 0 0 0 0 0 .003 {0 0- .003
- .0003 .0003 | .03 . 003 003 . 001 . 0003 .0003 | .0003 .01 . 003 . 001 003 .003 | .0003- .03
40 0 .0003 | O 0 0 0 0 0 0 . 0001 0- .0003
A0 0 0 0 0 0 .03 0 Q ] 0 0- .03
- .00t 0 . 003 .001 . 003 . 003 .003 .003 . 003 0 0 0 .003 . 003 0~ .003
01 .03 .003 .01 .01 0 . 003 .003 {0 .0t .01 .03 .03 .01 0 .03
_________________________ .3 3.0 n.d. n.d. n.d. n.d. n.d. nd. | .1 n.d. n.d. n.d. n.d. n.d.
Radiometric analyses
[Analyst, B. A. McCall]
3 0. 005 0.002 | 0.004 | 0.008 0.007 | 0.010 | 0.006 0.008 | 0.008 0.001 | 0.010 | 0.004 | 0.020 | 0.012
Chemical analyses
[Analyst, Roosevelt Moore]
U. 0. 007 0.001 | 0.003 | 0.004 0.006 | 0.001 | 0.003 0.004 | 0.003 0.001 | 0.008 | 0.002 | 0.018 } 0.010

n.d.=not determined.

Looked for (spectrographically) but not found: Hf, Th Ta, W, U, Re, Ru, Rh, Pqd,
Os, Ir, Pt, Au, .Hg,In, Tl, Ge, 8n, As, 8b, Bi

1-150. ‘Weathered molybdenite, mica-bearing vein, N W14 sec. 20.

1~171. Molybdenite-bearing vein in carbonatite, NW% sec. 19,

W-19. Weathered rutile-bearing vein, NE} sec. 19.

L-31. Weathered rutile-bearing vein, SW1% see. 18.

L-60a. Weathered rutile-zircon-bearing vein, NW4 sec. 17.

1~74. Rautile-bearing vein, SEY seec. 17.

1-76. Weathered pyrite-bearing vein, SE¥ sec. 17.

1-78. Weathered rutile-bearing vein, SE4 see. 17.

L-112. Weathered rutile-bearing vein, SW4 sec. 21.

1278, Weathered brookite-zircon-bearing vein, SW14 sec. 7.
L-310. Weathered rutile-apatite-bearing vein, NE4 sec. 19.
L-310a. Weathered rutile-chalcedony-bearing vein, NE¥4 see. 19.
L-339a. Brookite and gray clay from vein, NW4 sec. 8.

1-339b. Purple clay from vein, NW14 sec. 8.
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TaBLE 41.—Analyses, in percent, of veins
[Spectrographic analyses by Sol Berman. Colorimetric analyses by H. E. Crowe and A. P. Marranzino]

162 L-115 L-118 Mag. MLA. L-233 Range MC-266 MC-225 | MC-218
Spectrographic analyses Colorimetric analyses
0. 0002 0. 0006 | 0.0005 [ 0. 0004 [0. 0001-0. 0006 0.3 0. 050
.2 2 . 009 .06 . 0092 . 002 . 001
.2 .5 .02 .2 . 02->5 <. 002 . 005
. 001 .05 . 001 . 003 .001-.6 . 0004 . 0002
.02 .1 . 003 .06 .003-.1 . 013 . 005
. 001 0 . 005 . 003 0-. 005 . 045 . 014
. 001 . 007 0 0 0-. 007
. 001 .02 0 0 0-. 02
0 .04 0 0 0-. 04
0 .09 0 0 0-.2
0 .002 | O 0 0-. 002
.4 .7 .05 .05 .05-.9
. 006 . 006 . 004 .01 006—. 02
. X 0 0 0-x.
. 004 .03 . 002 . 002 002-. 05
.01 .02 0 . 005 0-. 03
. 004 . 004 . 0003 . 0003 0003-. 004
.04 .02 0 0 0-.
.2 .5 .03 .1 .03-.5
>5 >5 .9 1 .9->5
. 002 .002 {0 0 0-. 005
. 002 . 002 0 0 0-. 002
. 007 .01 . 0002 . 0004 0002-. 01
.04 0 0 0 0- 04
L€ 7 . 001 . 002 . 004 . 003 . 003 . 001-. 004
Pb_o .- . 008 .02 .02 . 004 . 007 0- 02
Radiometric analyses
{Analyst, B. A. McCall]
eU_co . 0. 006 ’ 0. 002 0.014 | 0.003 0. 003
Chemical analyses
[Analyst, Roosevelt Moore]
| 0/ l n.d. 1 n.d. ! nd. { 0.0011 { 0. 0011 ’

n.d.=not determined.

x=found, quantity not determined.

Looked for (spectrographically) but not found: Hf, Th, Ta, W, U, Re, Ru, Rh, Pd,
Os,Ir, Pt, Ag, Au, Cd, Hg, In, Tl, Ge, Sn, As, Sb, Bi, Te.

1-62. Weathered rutile-hbearing vein, central part of sec. 17.
L-115. Weathered rutile-bearing vein, SE sec. 17.

CONTACT ZONE

A zone of metamorphosed sediments 1,000 to 2,500
feet in width and about 4.6 square miles in area sur-
rounds the igneous complex. The formations in con-
tact with the complex at the present erosion surface are
Missouri Mountain shale, Arkansas novaculite, and
Stanley shale that have been altered to gneiss, hornfels,
argillite, and quartzite. Since most of the metamor-
phic zone is more resistant than the adjacent sediments
it appears as a ridge on the north, west, and south sides
of the complex. As the Missouri Mountain shale
occurs along only about 500 feet of the contact with
the complex, the zone of metamorphosed sediments
consists very largely of the Stanley shale and Arkansas
novaculite

1-118. Weathered rutile-bearing vein, east-central sec. 17.
Mag. M.A. Quartz-bearing vein, N4 sec. 20,

1-233. Quartz-bearing vein, NW4 sec. 28,

MC-226. Weathered rutile-bearing vein, N W4 sec, 17.
MC-225. Weathered rutile-bearing vein, NE} sec. 18.
MC-218. Weathered rutile-bearing vein, NE sec. 17,

METAMORPHOSED ARKANSAS NOVACULITE

Metamorphism of Arkansas novaculite has resulted
in recrystallization of the quartz from a chert (grain
size, 0.002 to 0.025 mm) to a coarse-grained quartzite
(grain size, 0.04 to 7 mm). The grain size gradually
decreases away from the contact until, at a distance of
1,000 to 2,500 feet from the complex, the recrystallized
character of the rock is no longer detectable with the hand
lens. Some of this recrystallized novaculite, although
resistant to weathering, is very friable and can be
crumbled with the fingers to asand. Qutcrops east of the
town of Magnet are of this nature. In thin section the
recrystallized rock is composed of quartz anhedra of
varying sizes; the larger crystals have sutured contacts.

The shale in the Arkansas novaculite is altered to a
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TABLE 42.—Analyses, in percent, of apaiite-pyriie vein

L-116 | L-116-b | L~116-¢ | L~116-e | L~116-f | 1-116-1 | L-116-2

Spectrographic analyses

[Analyst: Sol Berman, L-116, L-116-b, L-116-c, I-116-e, L-116-f; H. J. Rose, L~
116-1 and L—116-2]

0. 002 0. 0006 0. 0008 0. 002 0. 0003 0.004 0
. 003 . 006 . 005 .03 .08 0 . 005
3 >5 >5 >5 n.d. n.d.
.9 .2 .2 .9 .9 n.d.
5 .04 .03 .2 .5 nd. 0
. 002 0 0 . 005 0 n.d. n.d.
.01 .01 .01 .01 . 007 0 0
.07 .07 .07 .3 .03 .9 0
1 .9 2 .1 24 [i]
1 1 1 .5 n.d. n.d
. 006 . 005 006 .02 . 003 nd, n.d
.6 .9 1 .6 .4 .2 .
.03 .07 o1 .06 .2 0 0
b4 b4 XX XX >10 0
.1 .04 .04 .1 .08 .08 .002
.06 .04 .02 .06 .09 0 0
. 002 . 002 002 . 004 . 0008 0 . 0004
. 003 . 009 02 . 002 0 0 0
.02 . 002 002 .02 .03 .08 . 004
>5 >b >b 5 n.d >5
. 002 . 009 .01 . 003 0 0 .05
. 002 . 002 0 . 003 0 0
.09 .5 7 2 . 009 .01 .04
. 0008 . 0006 . 002 0 0 0 . 0003
. 003 .02 .001 . 002 . 001 0 . 001
.03 .02 01 .02 . 009 0 0
Radiometric analyses
[Analyst, B. A. McCall]
oU_ ... 0.012 0.020 0.013 0.014 0.003 0.098 n.d.
Chemical analyses
[Analyst, J. Dubinsky]
L 0 S, n.d. n.d. nd, n.d. n.d. .059 n.d.

n.d. = not determined.
Looked for (spectrographically) but not found: Hf, Th, Ta, W, U, Re, Ru, Rh, Pd,
0s,Ir, Pt, Au, Zn, Cd, Hg, In, T}, Ge, Sn, As, Sb, Bi, Te.

EXPLANATION OF SAMPLES

Sample X-ray Analyst
L-116.....| Weathered apatlte-pyrite
vein, NW sec. 20
L-116-b. .| Fresh apatite-pynte vein,
N'W sec. 20.
L-116—c._.| .. [0 [ RPN
L-116-e...| Weathered apatite-pyrlte
vein, NW¥ sec. 20.
L1161 _f ... do
L-116-1...| Monazite and plumbogum- | Monazite plus F. A. Hilde-
mite group(?) vein, NW¥% plumbogummite brand,
sec. 20. group mineral(?)
L-116-2...| Pyrite from L-116-Coocueeeon

fine-grained hornfels composed of orthoclase, perthite,
brown biotite, and quartz.

METAMORPHOSED STANLEY SHALE

The Stanley shale is composed of shale and sandstone.
Some of the shale is quite siliceous and the sandstones
are quartzite, feldspathic quartzite, arkosite, subgray-
wacke, and graywacke.

The shales at the outer limit of the contact zone are
characterized by black spots as much as 2 mm in di-
ameter. In thin section the spots appear to be segre-

TaBLE 43.—Specirographic analyses, in percent, of minerals from

veIns
L-75d; | L-75ds | 1-338-1 | L-165-1 | MC-8-1 | W-5-1 | MC- | MC-
162-1 | 1781
0.00x 0. 00x 0.01 >1 0.005 | 0.01 0.02
00x .0x n.d. n.d. n.d. nd. | .01
n.d. X 0 .08 . 004 . 0008
n.d. |>10 0 . 004 . .05
0 0 n.d. n.d. nd. nd. |0
0 0 0 004 |10 0 0
0 0x 0 .02 0 0 0
0 0x ] .01 0 0 0
0 0 n.d n.d. n.d. nd, | 0
nd .0x 01 .8 . 004 .03 .03
012 0 .008 . 003 .003
035 0 0 0 0
. 000x . 0007 . 009 .0009 | .0009 | .00008
X .00x . 0006 .1 .001 .003 .02
n.d. .0X >10 >10 09 .2 3
0 0 . 007 0 0 0
0 0 . 002 0 0 0
. 00X .000x .001 . . 001 - 002 . 0007
0 0 L0002 | .0001 | .0001 |0
0 0 001 0 .002 .003 . 0006

n.d.=not determined.

Logked for but not found: Be, B, Zr, Ht, Th, P, Ta, Mo, W, U, Re, P4, Ir, Pt, Au,
Zn, Cd, Hg, In, T], Ga, Ge, Sn, Pb, As, Sb,

Analysts: H T. Rose——MC-G—l, W—5—1 MC—162-1 L-165-1; J. D. Fletcher—L~75d,,
L-75d3, MC-178-1, 1L-338-1.

L-75d;. Ilmenite float, SE{ sec. 17.

L—75d:al]1menjte float, SE§/ sec. 17. Anslyses from different parts of the same
cryst:

T-165-1. Pynte, NEY sec. 18.

L-338-1. Barite, NE{ sec. 19,

MC-8-1. _ Ferroan dol mite NEY sec. 18.

W-5-1. Microcline from teldspa.r-nch vein, NW1{ sec. 20.
MC-162-1. Microcline from feldspar-rich vein, S%VV sec. 17.

MOC-178-1. Microcline from feldspar-rich vein, NWY{ see. 20.

gations of sericite partially altered to brown or green
biotite, opaque minerals, minor recrystallized quartz,
and chlorite. The groundmass is composed of recrys-
tallized quartz, sericite partially altered to brown or
green biotite, opaque minerals and chlorite. As the
contact with the igneous complex is approached, the
amount of biotite increases, and the grain size of both
biotite and quartz increases slightly. The argillaceous
portion of the sandstones is similarly affected, but in
the cleaner sandstones the only effect is a minor recrys-
tallization of the quartz.

On the north edge of the complex the narrow zone
near the contact in which biotite is visible was also de-
limited. In the outcrop some of the rock with visible
biotite is gneissic and some is massive. The mineralogy
is dependent upon original material, distance from the
contact, and the nature of the igneous rocks at the
contact.

Good exposures of garnet-pseudoleucite syenite and
garnet-nepheline syenite in contact with Stanley shale,
are found in the stream that cuts the outer rim of ig-
neous rock in the north-central part of sec. 18. In
this area the metamorphosed sediments are fine grained
gneisses cut by a multitude of alkalic syenite aplite
dikes from % to 12 inches wide. About 15 feet from
the concealed contact with garnet-pseudoleucite sye-
nite, the fine grained gneiss is composed of orthoclase,
microperthite, green hornblende, brown biotite, mag-
netite, and pyrite. About 20 feet away from the contact
the gneiss is 85 percent oligoclase, 8 percent reddish-
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TABLE 44.—Analyses, in percent, of metamorphosed sediments of the contact zone

L~247a 1-178 L-243 1-38 1-173 1234 L-235 L-247b 1-149 Range
Spectrographic analyses
0. 0002 0. 0001 0. 0003 0. 0003 0. 0003 0. 0004 0. 0002 0. 0002 0. 0001 | 0. 0001-0. 0004
X X X X X X X X . X < X=X
2 .2 >5 .2 .2 .07 .2 X .1 .1->5
.02 .01 .3 .04 .1 .01 .02 . 008 .01 .01-.3
.2 .07 .5 .1 .2 .09 .2 .04 .1 .04-.5
.02 . 003 . 001 . 002 . 003 . 003 . 007 . 005 . 002 . 001-. 02
. 002 . 0009 0 . 0009 . 0009 . 002 . 002 . 0009 . 0004 0-. 002
. 005 . 004 . 007 . 004 . 006 . 004 . 007 . 005 . 004 . 004-. 007
0 .01 .02 . 009 . 009 . 009 01 0 0 0-. 02
0 0 . 0002 . 0001 . 0004 0 . 0004 . 0001 . 0005 0-. 0005
.4 .4 1 .4 .5 .5 .5 .3 .2 .2-1
. 008 . 006 .05 .. 04 .02 .02 .02 .03 .02 . 006-. 05
. 009 . 005 .07 . 007 .01 .01 008 . 002 . 002 . 002—- 07
0 0 .03 0 0 . 009 0 0 0 0-. 03
[ S .01 . 008 0 . 007 .01 .01 .02 . 004 0 0-. 02
Moo 0 0 0 0 . 0008 0 0 0 0 0-. 0008
Mn..oo . .04 . 06 .2 .03 .03 .1 03 .06 .01 .01- 2
Feooo o ___ 4 3 >5 2 3 3 3 3 .7 L7->5
COemmme . . 001 . 002 . 002 0 . 001 0 . 0008 . 001 0 0-. 002
Niooo . . 003 . 003 0 0 . 002 . 003 . 005 . 0009 0 0-. 005
Cuo_ .. . 0008 .01 .02 . 0009 . 002 . 004 . 001 . 002 . 0005 . 0005—. 02
Ag . 0 0 . 0001 0 0 0 0 0 0 0-. 0001
Ga._ . . 003 . 002 . 003 . 002 . 002 . 002 . 003 . 002 . 002 . 002-. 003
Poo . .03 0 0 0 . 004 . 001 0 . 004 0 0-. 03
Radiometric analyses
[Analyst, B. A. McCall]
eU. .. 1 0. 003 ' 0. 003 0. 003 | 0. 004 0. 003 0. 002 0. 002 I 0. 001 0. 001 1
Chemical analyses
[Analyst, Roosevelt Moore]
Ueoo . 0. 0011 t 0. 0015 ! 0. 0012 ‘ 0. 0011 0. 0011 , 0. 0012 0. 0014 0. 0010 0. 0010
x=found, quantity not determined. 1-38. Hornblende-oligoclase gneiss, N W14 sec. 18.
Looked for (spectrographically) but not found: Ce, Hf, Th, P, Ta, W, U, Re, Ru, L-173. Biotite gneiss, NW{ sec. 18.
Rh, Pd, Os, Ir, Pt, Au, Zn, Cd, Hg, In, TI, Ge, Sn, As, Sb, Bi, Te. L-234. Acmite hornfels, NW{ sec. 28.
L-235. Quartz-biotite hornfels, N W14 sec. 28.
L-247-a. Spotted biotite-quartz argillite, SW14 sec. 9. L-247b. Feldspathic quartzite, SWi{ sec. 9.
L-178. Spotted biotite-quartz argillite, N W14 sec. 18. L-149. Lithic tuff in Stanley shale, W14 sec. 28.
L-243. ornblende hornfels, NE}{ sec. 17,

brown biotite, 4 percent pale dirty green hornblende,
1 percent aegirine, 3 percent magnetite, and a trace of
pyrite. Albite, aegirine, brown biotite, greenish-brown
hornblende, magnetite, and pyrite are found about 30
feet from the contact. About 40 feet from the contact
the gneiss is composed of orthoclase, andesine, horn-
blende, sphene, apatite, and pyrite. About 125 feet
from the contact the composition is 58 percent ortho-
clase plus minor perthite and plagioclase, 26 percent
brown biotite, 7 percent sericite, 7 percent green to color-
less anhedral garnet(?), 1 percent magnetite, and 0.1
percent pyrite. At the outer limit of the visible bio-
tite zone (about 300 ft) the very fine grained gneiss is
composed of quartz, brown biotite, sericite, and pyrite.

No consistent visible biotite zone was developed
along the southern half of the complex, probably be-
cause the Stanley shale is more siliceous or sandy along
this contact. On Stone Quarry Creek in the north-
western part of sec. 28, a medium-grained hornfels
composed of orthoclase, microperthite, albite, quartz,
and acmite is developed at the contact and grades into
a fine-grained hornfels composed of quartz, biotite, ser-
icite, and pyrite, about 3 feet from the contact. On a
small tributary of Cove Creek in the northwestern part
of sec. 30, the fine grained subgraywacke 1 foot from
the contact with the pegmatite shows a partial recrys-
tallization of the quartz and only incipient alteration
of sericite to biotite.
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Spectrographic analyses of several examples of the
foregoing rocks, table 44, suggest that, of the trace ele-
ments, Sr, Ba, Zr, La, Nb, and V have been introduced
into the sediments.

Spectrographic analyses of most of the Paleozoic
formations outside of the contact metamorphic zone,
table 45, show no significant additions of the trace ele-
ments that characterize the Magnet Cove igneous com-
plex (Ti, Zr, Nb, Ba, Sr. V, and rare earths).

GEOCHEMISTRY
ROCKS

The igneous rocks of the Magnet Cove complex are
high volatile, high lime, alkalic and subsilicic; they
contain intrusive carbonatite masses as well as the iron,
titanium, zirconium, and phosphate minerals that char-
acterize similar alkalic rocks throughout the world.
High niobium substitution in titanium minerals and
rare-earth substitution in apatite and perovskite are
also typical.

The weighted average of the major oxides for all
the analyzed rocks from Magnet Cove (table 46) show
that the average chemical composition can be expressed
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in rock terms as a melanocratic phonolite. It is well
to remember, however, that the weighted average com-
position is based essentially on analyses of two very
dissimilar rock groups—the mafic jacupirangite-ijolite
group and the felsic phonolite-nepheline syenite group.

The most significant difference between these rocks
and the average igneous rock (table 46) are the high
content of soda, lime, titania phosphate, carbon dioxide,
chlorine, fluorine, sulfur and sulfur trioxide, and the
low content of silica. The high soda is reflected in
occurrence of nepheline and sodic pyroxene and am-
phibole; high lime and titania produces abundant
titaniferous pyroxene, melanite garnets, sphene, and
perovskite; the high carbon dioxide and phosphate
combine with lime to make carbonatite and apatite;
chlorine and sulfur trioxide are in sodalite and cancrinite
alterations of nepheline; high fluorine is in fluorite and
biotite.

The trace elements which show significant concentra-
tions in the Magnet Cove rocks as compared to average
igneous rocks (table 46) are strontium (in the high lime
minerals), barium (in potassic minerals), lanthanum
(in apatite and perovskite), zirconium (in eudialyte and

TABLE 45.—Analyses of sedimentary rocks in the Magnet Cove area, in percent
Spectrographic analyses
[Analyst, Sol Berman]

B-1 BF-209 L-332 L-316 1-315 P-278 1-333 1-309 L-331 L1224 W-780 L-295 Range
0 0 0 0. 0002 0. 0002 0. 0002 0. 0003 0. 0002 0. 0002 0. 0001 0 0-. 0003
.03 .4 . 005 X .3 X X .6 .X .X .07 .0-x
<.01 X <.01 X <.01 .01 .4 4 .1 .2 .03 <.01-x
0 . 001 0 .01 . 001 . 004 . 004 . 003 . 002 0 0-.01
. 001 . 001 0 it .06 .1 1 .08 .09 .01 . 002 0-.1
0 0 0 . 0056 .01 .06 .02 . 004 . 009 .02 . 005 0-.06
0 0 0 . 004 . 002 . 006 . 006 . 002 . 001 . 0009 0 0-. 006
0 0 0 . 004 . 003 . 006 . 008 . 004 . 005 . 006 0 0-.008
0 0 0 0 0 .01 0 0 0 0 0-.01
0 0 0 . 0004 . 0005 . 0004 . 0005 . 0003 . 0004 . 001 0 0-. 001
.01 . 008 0 .3 .2 .8 1 .3 .4 .6 .1 0-1
0 0 0 . 008 . 004 .01 .02 .02 .04 .08 02 0-.08
0 0 0 . 003 .02 . 008 . 004 . 002 . 002 001 0-.02
. 002 0 0 . 006 .004 .01 .01 . 004 . 005 . 003 .003 0-.01
0 0 0 0 .002 0 0 0 0 0-. 002
0 .02 0 .03 . 004 02 .05 03 02 .02 . 008 0-. 056
.09 .07 .06 4 .3 4 >b 1 2 .06->5
0 0 0 .001 0 . 001 .001 . 0007 . 009 0 0 0-.009
0 0 0 . 003 . 003 . 004 .006 . 001 .001 . 0005 0 0-. 006
. 0003 . 0004 . 001 .007 . 003 . 0009 .003 . 005 . . 0003 0002 0003-. 005
0 0 0 . 001 . 001 . 003 . 003 . 002 . 002 .002 0 0-.003
0 0 0 0 ] 0 0 0 0 . 008 0 0-. 006
Radiometric analyses
[Analyst, B. A. McCall]
€U e n.d. n.d. nd. n.d. n.d. n.d. nd. nd. n.d, | <0.001 0. 001 <0. 001
Chemical analyses
{Analysts: Grafton Daniels—B-1, BF-209, 1-332, 1-316, L-315, P-278, L-333, L-309, L-331; Roosevelt Moore—L~224, W-780, L-295.]
U e e <0.001 <0. 001 <0.001 <0.001 <0.001 0. 003 <0. 001 0.001 <0. 001 0. 0012 0.0011 0.0010

n.d.=not determined.

Looked for (srectrographically) but not found: Ce, Hf, Th, P, Nb, Ta, W, U, Re, Ru, Rh, Pd, Os, Ir, Pt, Ag, Au, Zn, Cd, Hg, In, Tl, Ge, Sn, As, Sb, Bi, Te.

B-1. Bigfork chert.

BF-209. Bigfork chert.

L-332. Arkansas novaculite (black).

L-316. Arkansas novaculite (white).

L-315. Shale from the middle division of the Arkansas novaculite,
P-278. Polk Creek shale.

659634—62 5

Missouri Mountain shale.
Stanley shale.

Sandstone from Stanley shale,
Quartzite from Stanley shale.
Blaylock sandstone.

Hot Springs sandstone.

1-333.
L-309.
L-33L
L-224.
W-780.
L-295.
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TaBLe 46.—Computed values for Magnet Cove rocks and the garnet), vanadium (in all mafic minerals), and niobium
average igneous rock, in percent X .
(in perovskite and sphene). Some of these elements

Chemical Spectrographic Chemical (particularly niobium) are also concentrated in late
1 9 1 28 1 28 rutile and brookite veins. Chromium, nickel, and
copper show significantly less concentration in the
g
0 :](gﬁ D= O oosa | 0.1, Magnet Cove rocks than average igneous rocks.
- 0005 The chemical characteristics of the igneous complex
- 00281 .
00183 as shown in table 47 are:
o g%___ 1. Average silica content is low (45 percent) and ranges in the
10024 analyzed rocks from 34 percent in jacupirangite and olivine
;83825 melagabbro to 54 percent in late formed tinguaitic dike
-gg;g rocks. The most significant break in silica content occurs
~0080 between the jacupirangite-ijolite group (average, 38 per-
j%;’g cent) and the phonolite-nepheline syenite group (average,
48 percent).
1. Bulk composition of rocks of the complex excluding sedimentary inclusiens, 2. Alu'mma. ranges from 9 to 22 perf:eI}F. . Tt is low.m ]‘acuplran-
weighted by area. gite (9.21 percent), moderate in ijolite, and high in phono-
2. Average igneous rock (Clarke, 1924). . . .
2a. Average igneous rock (Rankama and Sahama, 1950). lites and nepheline syenites.

TaBLE 47.—Analyses of igneous

Intermediate ring . Outer ring
Phonolite-trachyte-breccia Syenites
Altered phonolite Jacupi-
Undi- Garnet Garnet Garnet Sphene rangite
Banded | vided Feldspathoidal |Weighted| pseudo- | nepheline | psuedo- | nepheline | Weighted
trachyte | trachyte leucotrachyte average leucite syenite leucite syenite average
syenite syenite
39.77 40.93 49, 62 50. 48 52. 60 54. 67 48.5 47.31 48.88 49. 43 51.27 48.08 35.42
15.76 15.13 19.13 20. 98 22.18 20. 83 19.7 20.10 19.77 20.17 20. 42 20. 16 9.21
1.32 1.04 2.29 .29 1.31 3.57 4.20 4. 00 2.12 3.45 8. 94
7.85 6. 86 5.59 5.16 3.83 3.69 5.33 2.62 1.72 1.71 2. 60 2.21 7.17
31 29 23 .29 .27 32 .28 .30 .31 .32 .20 .28 .29
2.40 1.74 1.68 1.65 .33 20 1.3 .89 .72 .64 1.22 .86 7.77
8.88 10.71 6. 52 5.11 3.67 2. 59 6.0 6.67 5.38 5.08 4.69 5. 56 20. 83
16 17 .14 .18 .29 20 .21 .36 .32 .27 .18 .29 .00
7.32 7.19 6.93 5.96 5.61 5.27 6.2 7.98 7.95 8.30 8.05 8.09 1.47
3.63 2.82 4.81 3.39 7.41 8.43 4.9 6.19 6.80 6.19 6.10 6.32 .62
1.25 84 63 .99 1.61 1.60 1.20 1.73 1.39 1.42 .94 111 1.05
07 04 07 .11 .10 L1 Z F—— 10 .30 L0 0 L0686 |aeeeeeoooe .11
2.76 2.23 1.97 2.21 71 35 1.8 .88 .76 . 1.21 .85 4.05
68 48 .38 37 07 .03 .3 .21 .14 .13 .20 .17 2.23
4.46 7.85 .05 31 . .60 1.77 1.07 1.09 .96 11 .81 11
.58 .22 .10 .01 .11 .01 .15 .01 .00 .13 .00 .05 .12
.71 .42 .25 .00 <.01 .01 .34 .04 .07 .08 .46 .15 .02
.39 .24 .22 .35 .36 .23 .34 .19 .28 .20 .29 .23 A7
2. 46 .88 1,57 .36 1.02 1.48 1.00 .06 .04 .03 .18 .07 L3R
Spectrographic analyses
0.0002 | 0.0008 0. 0004 0. 0007 0. 0007 0. 0004 0. 0006 0. 0008
.6 .24 .044 . 054 .014 . 065 .04 .5
__________ . 0001 . 0003 . 0003 .003 . 0005 . 0003 . 002
.......... . 004 . 0038 0 . 0024 . 0036 . 0028 . 008
. 009 .02 .018 .024 .027 .024 .023 .03
0 . 0001 L0002 oo . 0002 . 0003 . 0002 . 001
.03 .039 021 .03 .022 . 040 .027 .04
.03 .027 045 . 052 . 046 .018 040 07
.03 .013 0074 . 0099 . 0096 . 0087 0087 .002
0 . 0007 0005 . 002 . 0034 .013 0042 .0001
0 . 0003 0 0 0 . 0006 0001 . 001
0 . 001 . 0008 0008 . 0012 0009 005
0 . 0002 . 0006 0 0 . 0012 0005 .001
. 001 . 0023 . 0008 . 0009 . 0010 . 0021 0012 02
004 . 0021 . 0027 . 0033 . 0027 . 0022 0027 002
002 0 0 0 [ SR [OOSR 0
<0. 001 <0. 001
<.0001 . 0001
<.001 . 001
.015 .015
U e 0. 005 0. 003 0.004 0. 003 0. 006 0. 005 0. 004 0. 002 0. 005 0. 003 0. 004 0.003 <0.001
. 00040 . 00033 . 00029 . 00025 . 00043 <.001 . 00034 . 00020 L00027 {oeeeca s . 00027 . 00021 . 00049
. 00110 . 00043 . 00053 . 00069 L00101 {o____._._. . 00073 . 00055 00045 | coceemaeeae . 00100 . 00070 . 00339
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3. TFe,0; is higher than FeO except in those rocks which contain
appreciable pyrite. Fersman (1937) pointed out the
prevalence of high valency cations m the Khibine and
Lovazero alkalie plutons.

4. Magnesia is highest in the Jacuplranglte and olivine mela-
gabbro (7 to 8 percent), moderate in the ijolite group (4.2
percent, average), and low in the phonolites and nepheline
syenites. The average magnesia content for the entire
complex (2.46 percent), is lower than average igneous rock
(3.49 percent).

5. Lime is consistently high in all the rocks and averages 10
percent for the entire complex. It ranges from 2.5 percent
in tinguaite dike rocks to over 20 percent in jacupirangite.
Like silica, the most significant break in lime content
occurs between the ijolite group (13.49 percent) and phono-
litenepheline syenite group (about 5.5 percent average).

. Total alkali content is high in both the mafic and felsic rock
groups. Twenty of the analyzed rocks contain more
than 9 percent alkali. It ranges from about 2 percent in

[=2]
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consistently high and more abundant than potash in all
analyzed rocks except two. Potash is low in the ijolite
group and increases sharply in the phonolite-nepheline
syenite group.

7. Titania is relatively high in all the rocks, a major constituent
in jacupirangite (4.05 percent), and averages 1.76 percent
for the entire complex.

8. Phosphate is high in the olivine melagabbro dike (2.72 per-
cent), but only moderately high in the other rocks.

9. Carbon dioxide and fluorine are high in all the rocks; chlorine
is high in nepheline syenites, tinguaites, and phonolite
but low in psuedoleucite syenite and the ijolite group.
Sulfur and sulfur trioxide are erratic but are high for the
average of the entire complex.

The high lime, alkalic character of the Magnet

Cove complex is well illustrated by the sum of CaO,
Na,0, and K,O in these rocks compared to_this sum

jacupirangite to almost 17 percent in tinguaite. Soda is 1n other rock types (table 48).
rocks from Magnet Cove
Inner core Late dikes
Tjolite group Tinguaite Pegmatite
Analeime | Carbona-
Biotite- Garnet Nepheline | Eudialyte | olivine tite
garnet Fine-grained ijolite Garnet ijolite biotite Weighted | Tinguaite | Sodalite Trachyte syenite nepheline |melagabbro
ijolite melteigite average trachyte | porphyry | pegmatite syenite
pegmatite
35. 46 36.89 37.29 41.19 43.36 40. 08 38.65 52.85 53.61 53. 89 52.00 52.18 34. 51 1.90
18.60 13.28 14. 41 17.99 19.12 11.74 17.26 19. 44 20.32 21.63 20.80 19.28 10.24 .33
7.90 7.58 4,23 5.63 2.85 7.19 5.94 4.82 2.84 1.74 2.36 2.89 5.58 .42
3.27 3.7 6.10 1.76 1.44 4.76 3.06 .57 1.98 1.82 1.15 1.97 8.48 .32
.25 .33 .32 .30 .25 .32 .28 .37 .36 .15 .22 .19 .22 .26
4.16 4.22 4.15 3.06 5.21 6.72 4.20 .13 .15 .43 .28 .91 8.26 1.05
12. 66 14.80 13.69 14.61 12. 62 15.69 13.49 2.53 2.49 3.08 2.86 4.17 15.62 53.37
.10 .18 .14 .06 .01 .14 .09 .35 .19 .08 1.52 .10 .14 .00
6.34 5.29 5.61 6.85 7.88 3.89 6. 47 8.87 8.20 6.62 7.87 7.43 1.62 .00
3.07 4.62 4.22 2.38 2.82 3.47 3.23 7.96 7.66 7.80 8.18 7.21 .70 .16
3.46 1.11 .69 3.13 2.56 .87 2.53 .78 1.12 1.09 1.00 1.64 1.06 .12
.33 .14 .04 .40 .58 0 T SO .07 .06 .10 .04 .08 .51 .04
2.47 3.32 3.46 1.67 56 3.44 2.20 .33 .31 .60 .24 1.02 4.88 .10
1.08 .99 LT7 .41 05 .87 .69 .04 .10 .08 .05 .19 2.72 2. 00
.17 1.54 3.29 .46 .66 .18 89 .13 .14 .26 1.10 .47 5.36 39.41
03 .80 .19 .07 .06 .13 16 .03 .02 .07 .17 .17 .03 .02
. .41 .33 .01 .00 .04 .09 .52 .09 .32 .06 .02 .00
.16 .40 .32 .04 .03 .24 .17 42 .19 .32 .13 .05 .18 .15
.97 .95 2.4 .41 .16 .65 .87 04 .03 35 .05 12 .26 09
Spectrographic analyses
0. 0008 0. 004 0. 0002 0. 002 0.004 0. 0004 0.002 0.0005 0 0. 0002 0. 0004 0.0002 0 0. 0001
.5 .5 .9 .08 .6 . 044 .33 . 066 .08 .2 . 091 2 .2 .5
. 0003 . 0009 .002 0 .001 . 0009 . 0007 0 0 0 0 0 . 007
. 004 . 005 .003 . 003 0 . 0022 . 0029 0 0 .001 0 . 002 .003 .004
.01 . 009 .005 0 . 037 . 0042 .021 .01 .007 .011 . 009 .005 .03
. 0002 . 0003 . 0003 . 0008 .0003 0 0 . 0002 . 0003 . 0002 . 0005
.01 .03 .04 .03 .02 . 062 . 022 .027 .03 .03 . 0082 .04 . 007 . 001
04 .05 .1 .02 . 096 .076 . 014 . 008 02 .016 .03 .04 .02
005 .01 .02 002 0 . 014 . 007 . 022 .02 009 . 0053 .01 .002 0
. 0007 .003 . 0004 .018 . 0009 . 0007 001 0 . 0004 .001 .05 0
0 0 . 0008 0 0 0 . 0001 0 002 0 . 0007 0 0 .001
.003 . 002 .002 . 0005 .001 . 0045 .0019 0 0 . 0006 .004 0
.001 . 0007 0 . 0065 . 0003 0 0 .02 0
. 004 . 005 .01 .003 . 0009 .024 . 005 . 0006 .001 001 . 005 . 002 . 008 .001
.003 .003 .003 .003 . 003 003 .003 . 0045 .003 002 .0030 .003 .002 0
0 0 0 0 0 0 0 L0072 |- .002 <. 0005 0 0 0
Colorimetric analyses
<0.001 <0.001  |occmeeaos <0.001 <0.001 0. 002 <0. 001
. . 000 . 0001 . . 0001
<.001
.018
0.002 0.008 oo <.0)1 <0.001 [ 01,17 0. 006 0.010 0.004 0. 004 0.006 <0.001 oo ...
. 00021 200038 [ccmcccneaae .00019 . 00032 . 00043 . 00066 . 00069 . 00010 .002(?) L00004 | L.
. 00028 00063 |-cemaeeaas . 00055 . 00050 . 00054 . 60077 . 00136 200044 |oeeeaeees +00038 |occoooaamaan




62

TABLE 48.—Lime-alkali sums of igneous rocks compared to
Magnet Cove rocks !

Ca0 | Na;0 | K:0 | Sum
Rhbyolite ..o iies 1.22 3.34 4.58 9.1
Trachyte 3.09 4.43 5.74 13.3
Andesite 5.80 3.58 2.04 11.4
Phonolite ... 1.50 8.84 5.23 15.6
Basalt..._..__ 8.95 3.11 1.52 13.6
Olivine basalt 10.2 3.1 .9 14.2
Granite...... 1.99 3.48 4.11 9.6
Granodiorite. ... . ool 4.42 3.70 2.75 10.9
Diorite ——— —— 6.74 3.39 2.12 12.2
Gabbro...._.._...__ 10.99 2.55 .89 14.4
Average for igneous roeks......_._.__..___. 5.08 3.84 3.13 12.0
Magnet Cove complex:
Tjolite group---. 13.49 6.47 3.23 23.2
Feldspathoidal syenites__ .. __________ ___.____ 5. 55 8.09 6.32 20.0
Phonolites.___.. | 594 6.34 4.91 17.2
Average for entire complex_._______________ 10. 06 6.30 4.43 20.8

1 Based in part on material from Daly (1933, p. 9-28).

It is noteworthy that the alkali-lime sum from Mag-
net Cove rocks increases with the postulated decrease
in age of the rocks. Thus, first formed rocks, phonolite-
trachyte associated with volcanic activity, have the low-
est alkali-lime sum. The ijolite group which is
postulated to be the youngest of the major rock groups
has the highest. This apparent relationship may re-
flect progressive desilication and increasing alkali-lime
content from early to very late crystallized rocks.
This possibility is discussed in the chapter on origin.
In some cases the lime and alkali are separated as high
lime-low alkali in jacupirangite and low lime-high
alkali in tinguaite dikes.

The high alkali content of the Magnet Cove rocks is
also emphasized by the high ratio of total alkali to alu-
mina. Ussing (1911) used the term ‘‘agpaite’ for
nepheline syenites that have excess alkali in propor-
tion to alumina in accordance with the equation:

na-t+k
ol =1.2 )

where na, k, and al are the relative amounts of Na, K,
and Al atoms in the rock. The average agpaitic ratio
for Magnet Cove rocks is 0.91. Tinguaite is the only
rock of the 29 analyzed rocks that is a true agpaite
(agpaitic ratio=1.3).

Chemical analyses of the rocks (table 47) are grouped
according to rock type which corresponds roughly to
their position and sequence of intrusion in the complex.

The intermediate ring of phonolite-trachyte, the old-
est igneous rocks in the complex, show a wide range
in chemical composition particularly in SiO,, Al,O;, CaO,
and CO,. This wide range, however, is caused chiefly
by the high content of CO, and CaO as calcite and FeO
and S as pyrite in the breccias. Thus, the other ox-
ides, particularly SiO, and ALQs, are depressed. Note
also the high content of total volatiles in the breccia
which will be discussed further in relation to the origin
of the complex.

The clean, unbrecciated trachytes
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and phonolites show a fairly uniform composition
characterized by the lowest alkali-lime sum of any of
the Magnet Cove rocks.

The weighted average composition of this rock
group most closely approaches the average composition
of the feldspathoidal syenites of the outer ring. How-
ever, the higher total alkalies and significantly lower
strontium in the syenites set them apart.

The jacupirangite-ijolite group compared with the
phonolite-nepheline syenite group is characterized by
lower silica and total alkali and higher lime, magnesia,
titanium, and phosphate.

The late tinguaite and pegmatite dikes are charac-
terized by very high total alkali, and lowest lime and
magnesia content of any igneous rocks in the complex.

The distribution of trace elements in the major
rock groups is more erratic than the distribution of the
major oxides because, for the most part, they do not
form independent minerals. Distribution is controlled
not only by the normal order of crystallization but
also by the availability of a favorable mineral structure
to accommodate the trace element. For example,
niobium normally tends to concentrate in the residual
magmas, however, it will enter a favorable host mineral
such as perovskite that may crystallize in early
differentiates.

In general, however, Be, Sr, Sc, and V are higher
in the ijolite group and Ba, La, and Nb are higher in
the phonolite-nepheline syenite group.

Phonolite-nepheline
syenite Ijolite

Be. ... 0. 0007 0. 002

S e .14 .33

B e o e e . 0002 . 0007

Vo e . 033 . 076

Ba ... .22 .08
"Laooo o ___ e . 02 . 004

Nb o .011 . 007

The distribution of trace elements in the common
rock-forming minerals at Magnet Cove, (table 49) is
discussed in the section on “Geochemistry of minerals.”

VARIATION DIAGRAMS

Several variation diagrams were constructed to deter-
mine the trends of the major elements and the chemical
character of the Magnet Cove rocks. The ternary
diagrams emphasize the high alkali-lime content and
indicate that the lime content would provide the most
significant abscissa for construction of a variation
diagram.

The ternary diagram for the major elements, figure
5, shows the close grouping of the Magnet Cove rocks
and emphasizes the high alkali-lime character (20 to 36
percent). The separate rock groups appear to have
their own distinctive trends. The most interesting
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Na+K+Ca

Si+Al

F1GURE 5.—Ternary diagram showing igneous rocks of the complex plotted against atomic proportions of the major elements,

and informative feature of all the variation diagrams is
the distinctive, independent trends within each rock
group. The jacupirangite-ijolite group shows greatest
variation in the Mg-total Fe content with very little
change in the alkali-lime total. The phonolite-tra-~
chyte group shows maximum variation toward the
Si-Al apex. The nepheline syenites and late dike rocks
show very close grouping.

The Si-Ca-Na+K diagram, figure 6, shows that the
chief variation is toward the lime apex. Silica and
alkali show only moderate changes. The greatest
variation within rock groups is exhibited by the phono-
lite-trachyte group; however most of this variation is
caused by the high calcite content of the altered phono-
lite and breccia. The gap from jacupirangite to ijolite
is particularly noteworthy and supports our concept
that jacupirangite is a crystal differentiate that was
effectively separated from the rest of the magma so

that gradational rock compositions could not form to
fill this gap.

The K-Na-Ca diagram, figure 7, emphasizes the
nniformly high total alkali content with the major
trend toward the calcium apex. Again the abnormally
great effect of jacupirangite in the trend is noteworthy.
Both the ijolite and phonolite-trachyte groups show
marked differentiation; the ijolite group moves toward
the soda apex with increasing nepheline content, and
the phonolite-trachyte group moves toward the potas-
sium apex with increasing sodic orthoclase content.

The Na+K-total Fe-Mg diagram, figure 8, shows the
general trend toward the alkali apex. Again jacupi-
rangite is by itself as a crystal differentiate. The rock
groups show very marked differentiation; the ijolite
group trends toward total Fe apex with increasing
diopside-garnet content and the phonolite-trachyte
group moves toward the alkali apex. ‘
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Si 25

F16URE 6,—Ternary diagram showing igneous rocks of the complex plotted against atomic proportions of Ca-Na--K-8i,

The lime variation diagram, figure 9, does not show
smooth curves; however, the diagram is significant
because it suggests separate periods of intrusion and
differentiation within the rock groups, particularly the
ijolite group. The lime content ranges from 2 to almost
21 percent; total alkali is high and Na,O is consistently
high while K;O shows a much steeper curve. The
greatest scattering of points occurs in the SiO,, Al,Os,
and total Fe curves. This is caused by the wide range
in abundance of garnet, biotite, and nepheline in ijolite.
The jacupirangite position causes the steep part of the
curves.

The feldspathoidal syenite group that forms the outer
ring dikes shows a much closer grouping than any other
rock type. Although altered phonolite shows lower
SiO, and ALO; and higher total Fe, it approaches the

average composition of Magnet Cove rocks. If the
volatile constituents are removed from the phonolite,
this comparison would be closer. Note that Na,O and
K0 offset each other so that total alkali would fall on
the curve. A separate but parallel curve can be drawn
for the high total iron in the phonolite-trachyte group;
these rocks also have a high sulfur content (table 47).

The most significant interpretations of the variation
diagrams are summarized below:

1. All the rocks are very closely related and probably formed by
differentiation of a single magma.

2. Rocks were intruded at separate periods and show varying
amounts of differentiation within the rock groups.

3. Total alkali and lime contents are high; soda is consistently
high in all rock types, whereas potash exhibits a much
steeper curve.
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F1GURE 7.—Ternary diagram showing igneous rocks of the complex plotted against atomic proportions of Na-K-Ca.

MINERALS

The distribution of minor elements in the important
rock-forming minerals and some chemical analyses of
minerals are discussed in this section. The average
minor-element content of each mineral is shown
in table 49; variation in minor-element content
within mineral species is discussed under mineral sub
headings.

The following observations are made from table 49.

1. Be is concentrated in thomsonite (0.01 percent), a
zeolitic alteration of nepheline, and is therefore, most
abundant in the nepheline-rich ijolitic rocks (up to 0.004
percent in garnet ijolite). Be also occurs in idocrase,
melilite, and tobermorite in concentration greater than
0.001 percent. It is noteworthy that all these minerals
as well as thomsonite, are late cyrstallizing lime silicates;

alkali feldspars, nepheline, micas, and alkali pyroxenes
that commonly accumulate Be are deficient in the ele-
ment. Borodin (1957) suggests that Be separated out
during the early stages of rock crystallization in the
Khibina alkalic rock massif in Russia because of its ab-
sence in secondary rock minerals and its constant
presence in the primary rock-forming minerals. The
opposite situation appears to be true at Magnet Cove.
Be is chiefly in secondary lime silicate minerals that are
alteration products of previously existing minerals and
therefore has probably concentrated in the late residual
solutions. If the Be-rich thomsonite alteration of neph-
eline is deuteric, it suggests that the ijolites are a late
differentiate as nepheline from ijolite contains more Be
than nepheline from syenite. If thomsonite alteration
is hydrothermal or pneumatolytic, Be has been introduced
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F1GURE 8,—Ternary diagram showing igneous rocks of the complex plotted against atomic proportions of Fe-Mg-Na+K.

by reaction of a residual magma of high water-high
volatile content (carbonatite?) with earlier formedijolite.

2. Strontium is one of the characteristic elements at
Magnet Cove; it occurs both in felsic and mafic minerals
chiefly as a substitution for Ca*2 The highest concen-
tration occurs in labradorite, apatite, thomsonite, eudi-
alyte, melilite, calcite, and barian orthoclase.

3. Barium, like strontium, occurs in both felsic and
mafic minerals but it has a much more restricted choice
of host minerals because it follows potassium. It is
most concentrated in feldspar and biotite.

4. Boron was detected only in natrolite (0.005 per-
cent) and thomsonite.

5. Scandium is most abundant in kimzeyite (zirco-
nium garnet—0.09 percent Sc,0;) and augite (0.01 per-
cent). Both minerals are from late-forming rocks—
carbonatite and analcime olivine melagabbro dikes,
respectively.

659634—62——6

6. Yttrium and lanthanum occur chiefly in late crystal-
lized titanium minerals: anatase, kimzeyite, perovskite
from the carbonatite. Lesser amounts occur in tita-
nium garnet, sphene, and apatite. The concentrations
of these two elements, however, do not show a direct
relationship; the greater enrichment of yttrium is in
anatase and the greater enrichment of lanthanum is in
perovskite.

7. Ytterbium was detected only in apatite, sphene, and
diopside-hedenbergite.

8. Titanium was found in all of the analyzed minerals
at Magnet Cove. In addition to its occurrence in such
minerals as rutile, brookite, perovskite, anatase, and
sphene, it is a major constituent in titanium garnet, and
kimzeyite, and appears as sighificant minor-element
substitution in magnetite and pyroxene. Titanium is
enriched in the residual solution to such an extent that
the oxide minerals were formed ; rutile and brookite occur
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FiGURE 9.—Lime variation diagram,

in late veins; beautiful euhedral crystals of perovskite
and anatase occur in the carbonatite.

9. Vanadium follows titanium and is most abun-
dant in anatase, rutile, brookite, magnetite, and
garnet; however, the relationship is not direct. Vana-
dium is also consistently present in apatite (0.08 per-
cent average) probably in the phosphate position.

10. Chromium was detected in all of the analyzed
minerals but is iost abundant in magnetite and
pyroxene.

11. Small amounts of molybdenum are captured in
the early crystallized felsic minerals, particularly sodic
orthoclase, but it also concentrates in the very late
residual fluids and crystallizes as molybdenite in veins.

12. Manganese is most abundant in monticellite,
particularly the late-forming euhedral crystals in car-
bonatite. It also occurs in magnetite, sodic pyroxene,
pectolite, and eudialyte. Thus manganese appears to
concentrate in the residual fluids perhaps, in part, in
the higher valency states.

13. Cobalt and nickel are concentrated chiefly in
pyrite; however, the late formed vein pyrite is deficient
in cobalt and nickel relative to early pyrite in the
major rock types. Appreciable cobalt (0.01 percent)
was also detected in magnetite and magnesioferrite.

14. Copper was detected in all minerals at all stages
of crystallization. It is most abundant (0.03 percent
average) in pyrite. The overall distribution, however,
suggests that most of the copper is captured during
early stages of crystallization.

15. Silver occurs in amounts up to 0.004 percent in
augite from a late dike rock and in aegirine. Trace
amounts (0.0001 percent) were also detected in individ-
ual samples of biotite, zeolite, feldspar, pyrite, and
calcite.

16. Zinc was detected only in magnetite and is highest
in the early crystallized magnetites in the major rock
group; however, the lower limit of spectrographic sen-
sitivity for zinc is 0.02 percent.

17. Gallium occurs in two unlike mineral groups: in
felsic minerals (nepheline-feldspar) associated with alu-
minum; in magnetites, associated with Fet3.

18. Lead is concentrated in sodic orthoclase illustrat-
ing the well known relationship of lead and potassium
in the crystal lattice of feldspar; however, lead also
occurs in anatase, pyrite, pectolite, and eudialyte.
Borodin (1957) suggested “a connection between lead
and calcium and especially strontium,” for the Khibina
alkalic rocks because “the greatest quantity of lead is
not connected with the chief rock-forming minerals, but
is connected with such minerals as eudialyte, lampro-
phyllite, rinkolite and sphene.”
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19. Tin is chiefly in the zirconium-rich minerals,
eudialyte and kimzeyite. Tin was detected also in
some, but not all, rutile and brookite crystals and in
sodic amphibole.

From the foregoing observations it appears that the
following conclusions are justified:

1. Most of the minor elements are concentrated in
either the mafic or the accessory minerals. Pb, Ga,
Sr, and Ba may also be concentrated in felsic minerals;
Mo is concentrated in the felsic minerals only.

2. Be, Y, La, Ti, Zr, Nb, Mn, and Sn are concentrated
in the residual magma and are most abundant in the
late-formed minerals in carbonatite and pegmatite.

3. Concentration of some minor elements in the re-
sidual magma became sufficiently high to produce
independent minerals such as the titanium minerals
perovskite, rutile, brookite, the zirconium minerals—
eudialyte and kimzeyite; molybdenum and lead as
molybdenite and galena in veins.

4. Co, Ni, Cu are most concentrated in the early-
formed minerals; Sr, Ba, Ga, and Cu occur in all
stages of crystallization.

5. The distribution of minor elements in the same
minerals from different rock types emphasizes the

69

FELDSPAR

Rapid chemical analyses were made on two sodic
orthoclases from sphene nepheline syenite and nephe-
line syenite pegmatite, table 50. The orthoclase from
the pegmatite has a low summation chiefly because
barium was not determined. The spectrographic
analysis of this feldspar (table 51) shows a barium
content of 2.4 percent. The Na;O content is equiva-
lent to 29 percent normative albite. Feldspar from the
nepheline syenite is silica deficient and has an abnor-
mally high soda content caused by sodalite contamina-
tion and kaolinite alteration.

Spectrographic analyses of feldspar, table 51, are
divided into three groups—sodic orthoclase, barium
orthoclase, and microcline. All groups are poor in
minor element content except for barium and strontium,
both of which show a wide but systematic range in
abundance; low in microcline, moderate in sodic
orthoclase, and highest in barium orthoclase. Ga
occurs in all feldspars; Pb was detected in two sodic
orthoclases, and abnormally high concentration of Mo
(0.02 percent) was detected in one sodic orthoclase.
Small quantities of Fe and Ti occur in all feldspars.

TaBLE 50.—Chemical analyses of sodic orthoclase
[Rapid chemical analyses by P. L. D. Elmore and K. E. White]

" . h heli
close compositional relation of all the rocks at Magnet Parent rock nsghfjﬁ:ﬁe N:;eneilz?t:
. . syenite €,
Cove and strongly indicates a common parent magma i pegma
for the wide variety of rock types. For example, the Sample No. (MC-1-10) | (MC-120-d)
same suite of minor elements appears in perovskite
£ . . it ¢ doleucit it d 10 o ool 57. 9 60. 0
rom jacupirangite, garnet pseudoleucite syenite, and A}, 0 T TTTTTITTTTTTTTTTTTTTT 231 21. 6
carbonatite. However, the absolute amounts of some N#s0---------oo-ooocoooooocooono 20 S
. . . . . S e et T TP PP . .
minor elements in perovskite show a progressive in- Ignitionloss._ ... ____ . ____.____ 2.2 .48
crease (Nb and rare earths) or decrease (V and Cu) O 99. 2 o7 1
insamplesfromrocksof early to verylate crystallization.
TABLE 51.—Specirographic analyses for minor elements in feldspar
Rock type Sample No. Be Mg | Ca Sr Ba Ti Zr \' Cr Mo | Mn | Fe Cu Ag Ga Pb
Sodic orthoclase
Sphene nepheline syenite. .. .. MC-1-1.__.___.. 0.0001 | 0.02 d. | 0.3 0.4 1003 |0 0.01 | 0.0005 | 0 0.01 |03 10001 {0 0.002 | 0.006
Do. MC-1-10._______ 0 .06 .28 | .14 .3 .02 .003 | .001 |0 0 .003 ] .24} .002 | O . 0056 . 002
Tinguaite... .. MC-152-1 0 . 004 Jd.| .4 .2 1) S i) .007 | .0006 | .02] .002| .3 .0009 | .000L| .004 | O
Average. . ——- [ T TR .28 .3 02 [eoeee- .006 [ .0004 [ceene. 005 | .28 .001 | oeeueo-- . 004 .003
Barian orthoclase
Pegmatite. .. ... MC-120-d_____. 0 0.01 |0.13 | 0.61 2.4 {001 |0.001]0 0 0 0.005 | 0.26 | 0.0001 | 0 0.003 |0
Garnet nepheline syenite...... MC-112-4.._____ 0 .02 | nd.| .5 9.5 .03 .01 .0007 | O .001} .9 .0008 | 0 L003 | O
Microcline
Sphene pyroxenite..______.____ MC-172-1_______ [N P n.d. | 0.07 0.0910.03 |0 0.001 | 0 0 0.003 | n.d. { 0.002 0.002 |0
Pegmatite L-167-3 0 0.02 | nd.{ .01 .07 .006 |0 .01 .001 |0 L007 | .4 .001 |0 .004 10
Do 0 .006 { n.d.| .0009} .06 | .006]0 .009 1 .0009 |0 0 .09 ] .0009 | 0 004 | 0
0 .01 [ n.d. | .004 .6 .03 |0 .003 | .0009 |0 L0031 .2 . 002 .000L | .003 | O
.005 [ nd. [ O 02| .004 (0 L003 § .0009 | O .001 | .09{ .001L L0001 | .002 | O
.02 |0.01] .0008] .05{ .03 |0 .002 | .0001L {0 .02 .3 .0007 | O .0006 | 0
1) S R .01 150 .02 | O .005 | .0006 | O .006 | .21} .00L 003 |0

n.d.=not determined.
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NEPHELINE

~ Chemical analyses of nepheline, table 52, show a
very similar soda-potash ratio in the nepheline from
two very dissimilar rock types—nepheline syenite
and ijolite. Calculation of nepheline and kaliophilite
end members shows a kaliophilite content of 20 to 23
percent in the analyzed nepheline. The calculations
for nepheline from the sphene nepheline syenite show
an appreciable excess of silica which suggests contami-
nation of nepheline by orthoclase, possibly present in
solid solution.

Spectrographic analyses of nepheline, table 53, show
moderate concentrations of Sr and Ba. Ga is high as
expected, particularly in nepheline from sphene nephe-
line syenite (0.011 percent). Tiand V were detected in
all samples; Pb was detected in one sample; and boron
in two samples—probably indicating zeolitic alteration.

AT MAGNET COVE, ARK.

TaBLE 52.—Analyses of nepheline

[Standard chemical analyses: MC-1-9 by P. L. D. Elmore and XK. E. White; MC-
216-3 and L-123-3 by L. N, Tarrant}

Chemical analyses Atomic ratios

Sphene Garnet
nepheline biolite Garnet

Parent rock..__._____ gyenite ijolite ijolite
Sample No__......_. MC-1-9 | MC-216-3 | L-123-3 | MC-216-3 L-123-3
46.2 41.03 40.90 | 1.008 1.012
32.0 33.74 33.37 .975¢2.003 | .973:2.006
n.d. 1.10 112 . 020] 021
n.d. .74 1.15 .019 .030
14.2 15,09 14,37 .718 . 690
6.1 6.89 6.82 .215¢ .954 | .2157 .935
n.d. 0 0 0 0
n.d. .07 .01 . 002 0
n.d. .02 .02
n.d. 0 0
1.00 .22 27
n.d. 1.14 1.80
99.5 100. 04 99.83

n.d.=not determined.

TaBLE 53.—Spectrographic analyses for minor elements in nepheline

Rock type Sample No. Be Sr | Ba B Se Ti Zr v Cr Mo Mn Fe Cu Ga Pb
Garnet biotite ijolite......._____ MC-216-3._...] 0.0005 [ 0.4 | 0.06 | 0.001 | O 0.01 0 0.03 | 0.0004 | 0.0004 | 0.007 | n.d. | 0.0004 | 0.003 | 0
Tjolite e L- L0003 | .2 01| 0 .001 006 | 0 .03 .0004 | 0 .004 | nd. | O .004 | 0
DO e L0005 { .2 .04 .003] 0 0071 0 .02 .0004 | O .01 | n.d. . 0002 . 0
Sphene nepheline syeni A2 .2 0 0 .06 .002 001 (0O 0 .001 40 | .0001 .011 002
______________________ L0001 | .2 .3 0 0 .03 0 .01 .0007 | O 0061 .5 .001 .004 | 0
Average. L0003 | .22 .12 .02 .02 .0004 |aceenao 006 |- . 0003 L0086 {___._

n.d.=not determined.
ZEOLITE

Natrolite and thomsonite occur as zeolitic alteration
products of nepheline, particularly in the ijolite; anal-
cime occurs in the groundmass of the analcime olivine
melagabbro and as an alteration product of nepheline.
A chemical analysis of zeolite from ijolite (table 54)
was calculated after the method of Hey (1932) and fits
thomsonite closely; specific gravity and refractive
indices also suggest thomsonite. However, X-ray anal-
ysis of the zeolite by F. A. Hildebrand showed natrolite
rather than thomsonite thus suggesting that this may
be a mixture or solid solution of natrolite-thomsonite.
The strontium and barium contents also suggest that
the analyzed zeolite (table 55, L-123-2) belongs to the
natrolite group.

Significant differences of concentrations of certain
minor elements occur between the various types of
zeolite. Sr, Ba, and Be are strongly concentrated in
the high lime thomsonite; B and Ga are in natrolite.
These differences are more marked than differences in
minor element content of a single type of zeolite from
unrelated rock types. However, the natrolite from
jacupirangite has an unusually high concentration of
Mo and Cu.

PYROXENE

The pyroxenes are all monoclinic and can be divided
into four types:

1. Diopside— chiefly in ijolite group rocks.

2. Diopside-hedenbergite— chiefly in syenite and
phonolite; and jacupirangite.

3. Aegirine-diopside—chiefly in syenite and phonolite
as rims around a diopside-hedenbergite core. Some
aegirine crystals occur in the syenite phonolite group
and pegmatite.

4. Augite—found only in the late analcime olivine
melagabbro dike rock.

The most characteristic features of the pyroxenes are:
(1) the high lime content—the greatest proportion of
the pyroxenes fall in the diopside-hedenbergite group,

TABLE 54.— Analysis of zeolite from ijolite
[Sample L-123-2, Standard chemical analyses by L. N. Tarrant]

Chemical
analysis Atomie ratio
(percent)
Si0g- o . 38.70 | 20. 80
AlLOs . 30. 21 | 19.12:39. 99
FesOs . .18 .07
CaO 6. 88 3.95
Na,O_ o ___ 10. 57 | 11. 00
30 .21 13 315. 22
MnO__ . 02 0
MgO_ 16 13
TiOg - oo 0L | ___
e SRR 213 | 380
HyO4 T 10,45 | 13 Fo)22 52
Total . __ 99.55 | ...
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TABLE 55.—Spectrographic analyses of zeolites

Rock type Sample No. Be Mg Sr Ba B Ti Zr v Cr Mo Mn Fe Cu Ag Ga
Analcime
Gagttlet-pseudoleucite sye- | MC-111-1.____ 0.00008 | 0.01 [ 0.02 0.003 n.d 0.008 [ 0.02 | 0.007 0.0007 {0 0.001 | 0.03 | 0.0006 | O 0.003
nite,
Melagabbro « coooooooeeeno L-11a-8 ... 0 .03 1 .03 0 .05 00410 0 0 L0021 .06] .00L [ O . 0007
Natrolite

0.05 | 0.01 0.002 | 0.005 | 0.02 0 0.009 0 0.007 0.003 { 0.3 | 0.1 0 0. 002

.08 .01 .008 .004 .02 Q . 004 Q 004 .2 .007 10 .003

.3 .01 . 001 .01 .00 0 . 005 0 .002 .01 .3 .0002 [ O .002

- .3 .06 .001 .02 .008 | 0O .008 0 .003 .005 | .3 .0006 | 0 . 002

.2 .004 .01 . 006 L0041 O .007 0 .001 .01 .07 ] .0003 |0 .007

QGarnet nepheline syenite._. .04 .1 .009 n.d, .01 .01 .01 . 002 0 .005 | .2 .0008 | O . 008

Pegmatite .02 .05 .02 n.d, .02 0 . 006 002 0 .005( .02 | .0009 | O . 002

Lime silicateo momueeocaeen. .06 .007 .007 n.d. L0051 0 . 004 0006 | O .001 | .08 | .0007 | .0001 . 002

T30kite o - cmmm e .1 .01 .01 .004 0051 0 . 004 0 .002 L0081 .1 L0003 1 0 .003

Average, ... .-_.__ .13 .03 . 008 . 005 13 1) R RO, 006 (ooean .002 .006 | .2 .01 .003

Thomsonite

Jacupirangite 0.04 ) 0.7 0.1 0.02 Q 0.0008 | 0.00009 | 0.001 0.003 ;0.2 10005 |0 0. 0006
Tjolite .04 1.5 .2 002 .009 | O .001 0 . 0005 .004 | .07 ) .0007 | O .0007
D .03 .8 .06 .004 ] 0 . 001 .00009 | .0006 .003 ] .05 .0005 |0 . 0007
.04 .8 P T .01 0 .001 . 0001 . 0007 .003 ) .1 .002 |0 . 0007

n.d,=not determined.

and (2) the high soda content of late-formed pyroxene.
Normal augite is rare.

The analyzed pyroxenes fromijolite and jacupirangite,
table 56, fit very well into the diopside and salite divi-
sions as defined by Hess (1941, 1949). The indices of
refraction, however, appear to be too high. The
titanium content of the salite is also high but certainly
not unexpected in salite from jacupirangite (magnetite
pyroxenite).

Unfortunately the pyroxene mixtures in the nephe-
line syenites could not be sufficiently separated for
chemical analysis. Most of the grains have a colorless
to pink tinted (titaniferous) core of diopside-heden-
bergite (probably salite or ferrosalite) rimmed with
green aegirine-diopside and aegirine. The high ferric
iron and soda in the chemical analyses of the composites
support this conclusion. The high fluorine and com-
bined water suggest that biotite or amphibole is included
in the green sodic rims of the grains, The totals of the
chemical analyses are particularly low; unfortunately
the amount of sample available for analysis was too
small to permit further analytical work. Sample
MC-111-1 probably also contains substantial fluorine
and combined water.

The analyzed aegirine shows the characteristic high
ferric iron and soda content of this mineral. Magnesia
is very low—less than titania.

Spectrographic analyses of the pyroxenes for minor
elements, table 57, show some interesting relationships
both for the pyroxene group as a whole and for indi-
vidual types of pyroxene.

Ti, Sr, Mn, and V, show significant concentration
in all pyroxenes but the degree of concentration has a
wide range among the different types of pyroxene.

Titanium and manganese are diagnostic because they
show significant changes from one group to another
whereas Sr and V are consistently high in all pyroxene
groups. However, the more sodic pyroxenes contain
somewhat higher Sr and V particularly if analyses from
the lime silicate and pegmatite bodies are omitted.
Following is a summary of Ti and Mn concentrations

relative to pyroxene groups.
Mn

Diopside-hedenbergite.________________ 2.2 0. 07
Aegirine-diopside_ . ___________________ .7 L7

Aegirine_ .. __________________._______ .5 . 87
Diopside. . ____ .11 .19

Although highest Ti correlates with lowest Mn, the
relationship is not exactly inverse—highest Mn does
not correlate with lowest Ti. Higher Ti in aegirine
than the calcic diopside reflects higher FeO content of
aegirine. The marked increase in manganese content
as well as ferric iron in aegirine suggests that a part of
the Mn is trivalent. Fersman (1937) has noted the
prevalence of highest degrees of oxidation of the
elements such as Fet?, Mn*3, and Mn* in the rocks of
the Khibina alkalic massif in Russia.

The diopside group has captured the least amount of
minor elements and is characterized by high Sr and V;
most of the other elements except Mn have lower con-
centrations than in the other pyroxenes. Note that
diopside from the lime silicate body is particularly defi-
cient in Sr, V, and Mn. This diopside is probably a
secondary mineral formed from alteration of melilite.
The Nb and Ti contents of diopside from melteigite sug-
gest possible perovskite and sphene contamination.

Diopside-hedenbergite is characterized by high Ti
and low Mn relative to the other pyroxenes. Yb was
detected only in this group. The high Cr, Ni, and Se
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of diopside-hedenbergite from the sphene nepheline
syenite is particularly noteworthy; a similar concen-
tration of the three elements was found in the relatively
rare augite from analcime olivine melagabbro. Note
that the minor element content of this group is relatively
uniform regardless of the parent rock type.

The most distinguishing feature of the aegirine-diop-
side group is the increase in Mn content as the composi-
tion of the pyroxene shifts from diopside to aegirine.
The wide range in the other minor elements reflects the
variation in proportions of aegirine and diopside.

Aegirine is characterized chiefly by high Mn. The
occurrence of small amounts of Nb and Ag are also diag-
nostic. An unusual and unexplained concentration of
Pb was detected in one sample (MC-115-6). Again it
is interesting to note that aegirine formed as a secondary
mineral in the lime silicate body contains appreciably
more Y and Zr and generally lower concentrations of Sr,
Ti, V, and Mn than primary aegirine; the large aegirine
crystals in the late eudialyte nepheline syenite pegma-
tite approach concentrations of these elements similar
to secondary aegirine.

Augite which occurs only in one dike rock, analcime
olivine melagabbro, is characterized by high Se, Cr,
and Ni.

GARNET

Garnet is one of the common rock forming minerals
in the Magnet Cove complex and ranges in composition
from the light-colored andradite to dark-colored mela-
nite (titanium garnet).

Chemical analysis of a dark-brown garnet from ijolite,
table 58, shows the high TiO, content characteristic of
melanite or schorlomite garnet. The analysis was cal-
culated to fit the formula of andradite, R’/;R’’; (SiOy)s,
because melanite is a titaniferous andradite; however,
there is only approximate agreement as can be seen
from the atomic ratios. Some of the divalent cations
should be brought into the R’/ ’ group to balance quad-
rivalent titanium. Impurities (diopside, sphene, and
perovskite) were less than 3 percent.

TABLE 58.—Analysis of dark-brown garnet from biotite-garnet ijolite
[Sample MC-216-8. Standard chemical analysis by L. N. Tarrant]

Chemical analysis Atomie ratios
(percent)

Si0p oo 27. 89 2. 352

. 0083 \{ - 933 ) & o
TiOg oo ___ 15. 51 : . 335
ALO; .. 2.12 . 211 1. 711
Feg e m e — 18. 32 1. 165
%‘41(1)0 ____________ o 5'{ . 040

eQ_______._____ . 9 . 206
CaO . _111110 31.79 2.870 [ 3268
MgO__ ... 1.22 . 152

100. 33

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

The spectrographic analyses of light- and dark-colored
garnets, table 59, show surprisingly small differences
in minor element concentrations except for significantly
higher Zr, Nb, Y, and Sc in the titanium garnets.
This is to be expected as these elements commonly are
associated with high titanium in the Magnet Cove rocks.
La occurs in four of the dark-colored garnets. Mn, V,
and Sr were also detected in appreciable quantities
but not as unusual enrichments.

The zirconium garnet, kimzeyite, has a relatively
high Nb, Sc, and Y content compared to the other
garnets. The published computed analysis (table 26)
also shows appreciable Sn (0.09 percent SnO,).

BIOTITE

Chemical analyses and atomic ratios of three biotites,
table 60, show that the biotites are all of the phlog-
opite type; the major difference between individual
samples is the FeO-MgO ratio. The high-iron biotite
from jacupirangite with about equal amounts of FeO
and MgO has a composition of about the midpoint in
the annite-pholgopite series; it also contains the highest
amount of TiO, and the lowest amount of fluorine. The
other biotites contain less FeO and are closer to pure
phlogopites.

The lime content, particularly of the biotite from
jacupirangite, is due chiefly to minor amounts of apa-
tite, sphene, pyroxene, and zeolite in the analyzed
samples.

Spectrographic analyses, table 61, show that the bio-
tites are relatively free of minor elements; Ba is most
abundant (0.45 percent average) as expected in a high
potash mineral but it has a wide abundance range.
Mn, Sr, and V are the only other elements present
in average amounts greater than 0.01 percent. High
Cr and Ni were found in biotite from melteigite.

APATITE

The analyzed apatites (table 62) are relatively free of
minor elements; strontium is most abundant (0.83 per-
cent average for 11 apatites), and V, La, and Y also
show significant enrichment. Yb is more consistently
present and at higher amounts in apatite than any other
of the analyzed minerals. B was detected in six of
the nine samples.

The standard phosphate analysis of phosphate-rich
saprolite from the carbonatite (table 24) show quantities
of fluorine ranging from 0.26 to 1.9 percent indicating
that the apatite in the saprolite is probably fluorapatite.

MAGNETITE

Spectrographic analyses of magnetite, table 63, show
that some of the analyzed samples contain more than
10 percent MgO and should be called magnesioferrite.
The high concentration of iron in jacupirangite magma
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TaBLE 60.— Analyses of biotite
{Standard chemical analyses by L. N. Tarrant]

ALKALIC IGNEQOUS COMPLEX AT MAGNET COVE, ARK.

Chemical analyses Atomic ratlos
Parent rock
jBiotit;e anﬁgiltlia Phlog(l)pit,eitbl;om Phlo%nﬁttgfrom
acupir: melte] ()
v e MC-173-3 MOC-113-b MC-2164
Sample No MC-173-3 MC-113-b MC-216+4
Si0g. el 35. 06 36. 38 38, 67 2.71 2. 69 2. 81
ALOs. . 15. 70 16. 26 14, 11 4. 00 400 19 400
1. 29 1. 31 1.
L 43{ 1. 42{ 81 121f 19
FeOp oo . 2. 46 1. 70 2. 08 . 14 .10 .11
FeO_ .. 14. 47 6. 95 6. 08 . 9412, 97 . 4312 97 .3712. 95
MgO. 12. 96 19. 13 21. 81 1. 49 2. 11 2. 36
MnO. ... . 36 .12 .45 .02 .01 . 03
TiO0e e e 4, 06 3.79 1. 14 .24 .21 . 06,
Ca0. el 1. 28 .22 .33 .11 02 .02
NaO. oo . 40 .36 . 46 . 06:1. 06 . 05;1. 00 . 07:1. 00
20 e e 9. 05 9. 88 9. 76 . 89 . 93 .91
Ha O+ e 2. 68 3. 08 4. 08 1. 38 1. 52 1. 98
_________________________________ 26 .95 .85 1. 44 1. 74 2. 18
HyO— o e .52 .00 . 06 .22 .20
98. 74 99, 34 99. 82
Total . ___ . ___. .11 . 40 .36
Less O .
98. 63 98. 94 99. 46
TaBLE 61.—Spectrographic analyses for minor elements in biotite
Rock type Sample No. Sr Ba B Se Y 2r v Cr Mn Co Ni Cu Ag Ga
Jacupirangite.._. MQC-173-3 0.04 003 0 0.0002 | 0.002| 0 0.02 0.2 0.01 0.004 1 0.003 |0 0.002
Melteigite MC-113~b._._....| .2 410 . 0008 L002 [ .01 06 1) 004 .02 .003 | 0 . 002
Tiolite MOC-216-4.. ... .006 .1 002 [0 L0021 0 .009 .81 .005( 0 .001 | 0 -003
Lime silicate. --—-w---o—._... 1684 oooeomoas L005 | 1.2 nd. | .004 | 0 .008 | .02 0006 .1 .00l | 0 .002 | .0001 | .003
Average 0.06 I3 T 0.001 | 0.001| 0.002| 0.015 | _______ 0.21 0.0056} 0.006| 0.002 |.____... 0.003
n.d.=not determined.
TABLE 62.—Specirographic analyses of apatite
Sample No. | Mg Sr Ba B Al Se Y La Yh Ti Zr ' Cr Mn Fe Ni Cu Pb
MC—173-7-,- 001 (11 |0.004(0005 [005]0 0.02 [0.09 |0 0.02 (0 00410 0.01 [0.2 0 0.0007 | O
. .95) .003| .002 | .03)0 02 | .01 |0 T ) L0410 01 | .1 )0 L0004 | 0
1-5 .03 .0007 {n.d. [0 .03 .01 . .03 |0 0610 .006 | .09 [0 .006 . 002
1-5 .02 L0007 | n.d. [ O .03 .02 L0008 | .08 10 .0810 006 [ .2 0 009 |0
1 .08 | .002 [nd. | .0005| .08 | .2 L0007 | .05 {0 .04 | .0001 | .008| .07 |0 02 |0
.84 .02 . 002 0410 .02 .04 10O .006 { O .1 .0009 | .01 .04 |0 L0002 | 0
.84 .009 ) L0510 004 .05 O .003 |0 .1 10 .01 .03 |0 L0002 | 0
Do..___. 1-5 .02 |0 nd. |0 .01 .01 L0002 | 0 0 110 .02 .02 O .0003 | O
Melagabbro....... 1-5 .01 |0 nd. [0 .03 .009 | .0008 | .008 |0 0210 .04 .2 0 .0008 | 0
Carbonatite. .. .1 . 002 n.d. [ n.d. | .0006 | .02 .1 nd | .005}0 .2 .0007 | .002 | .002 | .002| .0004 )0
Lime silicate.._ ... L0 . 005 nd. | nd {0 .01 .01 nd | .004] .004| .1 .0009 | .002| .01 j O L0006 | O
Average..___ 0.8310.02 |-cocmoo|ommmc]omaeaeae 0.02 |[0.03 [0.00060.02 |__.____ 0.08 | 0.0002 | 0.01 | 0.09 0.003 |-----.
n.d.=not determined.
TABLE 63.—Spectrographic analyses of magnetite
Rock type Sample No. Be Mg Sr Ba Se Y La | Ti Zr \'2 Nb Cr Mn| Co Ni Cu Zn Ga
J&cuBirangite MC-173-10__{ 0 >10.0 | 0.007 {0.002 |0 0.006 10 3410 0.2 {0 0.0005 | 1.1 10,01 {0.0080.008]0 0.004
........ L-81-9 _____|0 >10 .02 .002 | .0003 | .006 |0 4010 2 10 .0003 1.1 | .02 0097 .01 | O . 006
Melteiglte MOC-113-1.._| 0 .2 .002 | L0050 0 0 2.8 10 .3 10 .2 1.0 .008( .00l .02 | .2 | .004
;a;l:ett pseudoleucite | MC-121-1.__| 0 .3 .0009 | .005 |0 0 0 3410 5|0 .004 |10/ 008 .007 | .002| .2 . 003
Sphene nepheline syenite, L-24-1__ . 001 .0L .006 | O 0 .02 | 2.2 06 .5 |0 .009 .51 .008 ) .007 ) .01 .1 . 005
Carbonatite_ >10 0 0 001 |0 0 1.0} .03 .07 .03 .0007 (2.7 .01 | O L0010 . 009
Lime silicate. >1 0 0 004 |0 0 3.6 .02 .2 10 .0009 ] .8 .02 002 | .001 | .01l .004
Average_ .. fooooooooenaiii el 0.006 | 0.003 | 0.0008 |-ccucoo|ocaoae 290008 | .3 [-ae- 0.03 1.2 10.01 | 0.0050.007 | 0.07 | 0.005
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forced early crystallization of magnetite, and magnesia
assumed the role of a minor element until sufficient
iron had been deposited to lower its relative concentra-
tion with respect to magnesia and permit crystallization
of magnesia-rich minerals such as pyroxene.

No significant differences in minor element content
could be detected between the normal magnetite and
magnesioferrite. Ti, Mn, V, Zn, Co, Ni, and Ga, in
order of abundance, are concentrated in both types.

Although Ga usually accompanies aluminum in
igneous rocks and is in all of the felsic minerals at
Magnet Cove, its greatest concentration occurs as sub-
stitution for ferric iron in magnetite (0.009 percent)
and zirconium garnet (kimzeyite-0.008 percent) from
the carbonatite.

It is noteworthy that the magnetite from melteigite
contains very little magnesia, yet the rock contains
almost as much MgO as jacupirangite. In this case,
MgO accompanies K;O in the formation of early biotite
phenocrysts in melteigite.

PEROVSKITE

Spectrographic analyses of eight perovskites (CaTiO;)
show significant enrichment of Fe, Nb, Sr, La, Y, V, and
Cu, in this mineral (table 64). A very marked dif-
ference in concentration of Nb and La occurs between
perovskite separated from the major rock types (0.38
Nb; 0.14 La) and perovskite from carbonatite (8.0 Nb;
1.0 La). This relationship demonstrates the marked
tendency for Nb and rare earths to concentrate in re-
sidual magmas. However, the uniformity of the total
suite of minor elements concentrated in perovskite
from different rock types sharply points up the direct

7.

genetic relationship of carbonatite to the major rock
types.
Sr and rare earths substitute for Ca; and Fe*?, Nb,
and V substitute for Ti.
SPHENE

Nine spectrographic analyses of sphene, table 65,
show that Fe, Nb, Zr, Sr, and V occur in sphene in
average concentrations greater than 0.1 percent.
Y and La show moderate enrichment. Sr, Y, and
La probably substitute for Ca; Fe, Nb, Zr, and V
substitute for Ti.

All the minor elements detected in sphene show
fairly uniform concentration regardless of the host
rock type—except that Nb is more abundant in sphene
from nepheline syenite-phonolite group than the
jacupirangite-ijolite group. Mo and Pb were detected
only in the sphene from sphene nepheline syenite.

PYRITE

Cobalt, nickel, and copper are concentrated in pyrite
(table 66). Pyrite from the sphene pyroxenite and
ijolite contains the highest concentrations of these met~
als whereas the vein pyrite is notably lower. This sug-
gests that the metals enter early formed pyrite in the
major rock types and are not concentrated in the resid-
ual vein-producing solutions.

The analyses of pyrite from the phonolite indicate
considerable contamination from other minerals in this

fine-grained rock.
CALCITE

Spectrographic analyses of four calcite samples from
different host rocks, table 67, show that the calcite is
unusually pure; magnesia averages only 0.05 percent

TABLE 64.—Spectrographic analyses of perovskite

Rock type Sample No. Mg | Sr | Ba Se Y La V | Nb Cr Mn Fe Co Ni Cu | Pb
Jacupirangite 0.21]0 0.0004 | 0.057 | 0.1 | 0.045|0.27| O 0.03 nd. |0 0 0.012 | 0
Bﬂ .20 .0004 | .050 | .1 039 .30 0 .03 nd. |0 0 .033 [0
Do 4} Lo0or] .o003 | .04 4| .04 | .2 0006 | .02 1.4] .002| O .007 | .002
Melteigite .1 L0022 o001 | .04 2| .04 | .3 . 001 .04 ) >10.0| .003 | O .01 |0
Tjolite. .21 .002| .0004 | .02 1| .04 .90 .04 nd. |0 0 .01 |0
Garnet pseudoleucite syenite.._.__ .3 .002(0 .1 05| .1 .3 . 0008 .04 [ >10.0( .003| O .009 | O
Average. .2 | .001] .0008| .06 15 .05 | .4 L0003 | .03 |._.___.. L00L | © L013 | ..
Carbonatite. ... L-120-Cccavmuaen 0x| .x{ .0x | .00x% 0x | X. L0251 8.2 . 000x 0x 2.6 0 L00x | .00x |0
Do.. L-129-d .0x x| .0x .00x 0x | X. .025 | 9.2 . 000x 0x 4210 .00x .00x |0
n.d.=not determined.
TABLE 65.—Spectrographic analyses of sphene
Rock type Sample No. | Sr Ba Sc Y La Yb Zr \% Nb Cr Mo Mn | Fe Co Ni Cu Pb
Jacupirangite...__.__._.. L-81-8._ .8 1002 |0 0.02 { 004 nd.| 01 [007]01 | 0.0007{0 0.008 | 0.8 )0.002 |0.002}0.004 |0
Dpo ................... .05 .0004 | .020 | . nd.| .19) .07| .16 © 0 .009 |nd. |0 0 L0075 1 0
Sphene pyroxenite - .X .00x| 0 .0x .0x| 0.00x 0x | .20 .22 .000x | O .0x 2610 0 .00x | 0
DOt eeee| x| L00X| O .0x .x | .00x 0x| 121 .20 .000x | O .0x | 200 0 .00x |0
Do ... .05 .002| .0004]{ .037| .02| n.d. 4] L1670 L12) 0 0 0l |nd. |0 .006 | .010 | O
Maelteigite.. .3 | .009)0 0 .06 | n.d. 08) .1 | .2 02 |0 .03 | 1.71]0 0 .003 |0
Tjolite 0710 .0001 | .009| .0t n.d. 6 | .4 210 0 01 |nd. {0 .01 001 |0
Trachyte....._______.____ .05 .002| .0004 | .04 .04| nd. 4 .2 | .3 .0008 | O .07 [nd. |0 06| .02 |0
Sphene nepheline syenite. 31 .1 L0002 | .04 .04 .0008( .05( .04/ .7 .0002 | .0006 | .001| .4 .0008{ .01 | .005 | .005
AVerage.. .._cooolococcoacacooo 0.2 |0.02 |0.0002]0.026| 0.04]._______ 0.22)0.160.24 | 0.005 [...___._ 0.02 | 1.5 0.004 { 0.007 |......

n.d.=not determined.
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TaABLE 66.—Specirographic analyses of pyrile

Rock type Sample No. Mg Ca Sr Ba Ti Zr \2 Cr Mn Co Ni Cu Ag Ga Pb
n.d. | 0.002 {0.004 | 0.2 0 0 0 0.02 0.22 [ 0.12 |0.090 |0 0 0.007
nd. |0 .002| .004 |0 0 0 . 005 .03 .01 02 |0 0 . 002
nd. | 0 .004| .004 0 0 0 .02 .1 004 .02 | O 0 0
Altered phonolite. - 3 0.2} .0003 | .07 .06 010 0 .02 .02 .002| .006 |0 0 .01
A3 ¢ T, . nd. |0 0 01 |0 0 .0007 | .0006 .007 | .002 | .001] 0 .001 | 0
0. - . n.d. 002 | O .008 10 L0021 .0004 | .004 .05 |0 .04 .0003 | .001 (O
AVerage oo oo e cccmeeeeeea] 0015 [ 0.001 01 (0.05 0.0002 | 0.01 0.07 | 0.02 | 0.03 0. 003
n.d.=not determined.
TaBLE 67.—Spectrographic analyses of calcile
Rock type Sample No. Be Mg | Sr Ba B Al Se Y La Ti v Cr | Mn Fe Cu Ag
Tjolite meo ool L-123-4 . ______. 0.05)0.8(0.10 |0.001{008]|0 0 0.002 ; 0.002 | 0.003 | O 0.04 0.1 0.0003 | O
DO L1785 oo L0003 | .03 ) .84 .1 .001] .09|0 0 .002 | .007| .003|0 .03 .1 L0004 | O
Lime silicate._. - 0 0210 .2 .02 nd. | nd. |0 0 0 .002{ .009{ .003| .01 .001 | .0008 | O
Carbonatite .1 .5 .02 nd. [nd. |0 0 0 L0051 .03 .003 [ .01 .001 | .0006 | O
Vein 1 .08| .004| nd.|nd.| .004 02 01 .8 L008 ) 009! .1 |>10 .0009 | .0002
AVOrage . oo oo 0.050.06 | 0.6 |occemeafomooofommoofommeaafaaees 0.004 | 0.01 | 0.002 | 0.02 0.05 | 0.0005 {....w--

1Tron-rich dolomite.  n.d.=not determined.

Sr is the most abundant minor element (0.2 to 0.84 per-
cent) followed by Ba, Fe, Mn, and V. Calcite from
ijolite contains 0.001 percent boron and is higher in Sr,
Ba, Mn, and Fe, and lower in V, Cr, and Cu than calcite
from the carbonatite and lime-silicate body.

The iron-rich dolomite, from a rutile-bearing vein,
differs markedly from the analyzed calcites—particu-
larly in its low Sr and Ba and high rare earths, Ti, and
Mn content.

GEOCHEMISTRY OF NIOBIUM

Previous workers have firmly established the fact
that the highest concentrations of niobium in rocks
occur in alkalic rocks, particularly nepheline syenite,
and that titanium minerals are the most favorable hosts
for niobium. Therefore the occurrence of significant
quantities of niobium (0.01 percent) in the igneous
rocks of the Magnet Cove complex and (0.1 percent) in
the rutile and brookite deposits associated with the com-
plex is not surprising. In these rocks niobium is con-
centrated in rutile, brookite, perovskite, and sphene,

and to a lesser extent in titanium garnet, aegirine, and
hornblende.

RUTILE AND BROOKITE

The description and economic considerations of the
rutile and brookite deposits have been discussed pre-
viously by Fryklund and Holbrook (1950) and Fryk-
lund, Harner, and Kaiser (1954), and will not be repeated
here. Spectrographic analyses of rutile, brookite, and
paramorphs of rutile after brookite, tables 68, 69, and
70, show that the niobium content in these minerals
ranges from less than 1 percent to more than 6 percent.
The average niobium content of rutile and brookite is
about 2 percent; paramorphs of rutile after brookite
have an average niobium content of 1.3 percent. It is
interesting to note that the highest niobium concentra-

tion in rutile occurred in cyclic twins; 6 of 7 such crystals
analyzed had more than 5 percent niobium, 1 contained
1.3 percent. However, most of these crystals were
from the carbonatite area on Perovskite Hill in NWJ;
sec. 19. Niobium concentration is probably greater
in this part of the complex. For example, perovskite
from the same area contains more than 9 percent
niobium.

Light-colored (red) rutile, rutile paramorphs, and
brookite contain less niobium than dark-colored crys-
tals—consistently less than 1 percent.

Light-colored (red) patches can be seen in many of
the crystals, and these patches are particularly abundant
in paramorphs of rutile after brookite. The contact
of light- and dark-colored patches is gradational for the
most part, but in a few crystals the contact appears
sharp. In one thin section of a feldspar-carbonate-
rutile vein, there appears to be at least two ages of
rutile. The older rutile may be a paramorph after
brookite. The crystal boundaries of the paramorph
are encrusted with later formed rutile needles which
have grown with their long axis normal to paramorph
crystal faces. In transmitted light the paramorph(?)
is pleochroic (yellow-orange to green) and contains
purple patches. We suspect that the deep-purple,
almost opaque areas are the richest in Nb and they
appear to replace the highly pleochroic yellow-orange
to green variety. The rutile encrustations are also
purple and show rhythmic zoning in shades of purple.

The abundance of light-colored patches in paramorphs
suggests that in the transformation from orthorhombic
brookite to tetragonal rutile there may be some shift-
ing of the Nb ions—perhaps tending to force them out
or concentrate them in clusters. However, there is
some color variation in brookite and in nonparamorph
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rutile but this is a more rhythmic variation. Why is
Nb erratically distributed? Does it tend to cluster
around particular centers in the crystal? According
to Goldschmidt’s capture principle, Nb, if quinquiva-
lent, should concentrate in the earlier phases of rutile
or brookite. So far, we have no evidence of this.
Correlation coefficients were determined for Nb, V,
and Fe in rutile and brookite with the following results:

Nb~-V = 40.60
Nb -Fe = 4 .72
Fe~-V = 4 .27

For this group of 28 samples anything above +0.4 is
a significant correlation. There is a moderately strong
positive correlation of V and Fe with Nb but very poor
correlation of Fe—V. This might be explained by the
valence states of the elements concerned which are sub-
stituting for Ti** (0.68 A). Nb is probably quinquiva-
lent (0.69 A)—thus needs a trivalent atom to balance
which could be Fe*® (0.64 A). If V is present as V*
(0.63 A), correlation with Fe?® is not expectable.

The V-Fe ratios in the rutiles (0.1 to 0.3) are probably
much higher than they are in the solutions from which
rutile formed. The V-Fe ratio in the rock from Magnet
Cove would average 0.004. This suggests that vanad-
dium, like niobium, moves into the rutile structure
preferentially more than Fe*?, and that the amount of
Fe™® present is directly related to the amount of Nb*s
that substitutes for Ti*™.

Other trace elements consistently present are Mn,
Ca, Mg, Cr, Cu, Sr, W—all in the 0.00x range. Mo and
Sn were found in some samples in 0.00x concentration.
W, Mo, Sn, and possibly Cr substitute in the Ti**
position.

Semiquantitative spectrographic data for Se¢, Y, and
Zr are erratic and appear to vary with the analyst; how-
ever the values given are near the limit of sensitivity
for the semiquantitative method. Ni was detected
only by the quantitative method.

CARBONATITE

The highest niobium concentration (9.2 percent)
noted in any mineral in the complex occurs in perov-
skite from the carbonatite. These crystals, usually
octahedrons modified by a cube, have been described
in detail by Williams (1891). More recently Fryklund,
Harner, and Kaiser (1954) mapped the Kimzey calcite
quarry geologically and analyzed perovskite crystals
and channel samples of the carbonatite. They report
a range of 5.1 to 8.8 percent niobium in individual per-
ovskite crystals and a range from 0 to 0.07 percent nio-
bium in channel samples of carbonatite. Niobium was
detected in only 6 of 21 channel samples. Anatase,
formed by alteration of this perovskite, contained 6.8
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percent niobium. The high content of niobium in per-
ovskite from carbonatite indicates the strong tendency
for niobium to concentrate in very late residual mag-
mas; perovskite in the igneous rocks contains less than
1 percent niobium.

IGNEOUS ROCKS AND MINERALS

The niobium content of the analyzed rocks ranges
from 0 to 0.03 percent. Feldspathoidal leucosyenite
and one sample of sphene pyroxenite are high, with
0.03 percent. Garnet ijolite, jacupirangite, and anal-
cime melagabbro are all lJow in niobium.

Perovskite (0.2 to 0.9 percent Nb), sphene (0.1 to
0.7 percent Nb), garnet (0 to 0.1 percent Nb), aegirine
(0 to 0.03 percent Nb) and hornblende (0.007 and 0.01
percent Nb) are the minerals in which niobium is con-
centrated. Niobium (0.1 percent) was detected in only
one of the light-colored garnets whereas it was detected
in all but one of the dark-colored titanium-rich garnets.
Although niobium usually substitutes in titanium min-
erals, it may be seen from table 47 that no direct rela-
tionship exists between the niobium and titanium
content of the rock. Dark basic rocks such as jacupiran-
gite and olivine melagabbro which contain abundant
titanium are low in niobium. Titanium in ijolite is
principally in perovskite which apparently affords a
favorable structure for niobium substitution and the
tendency for niobium to stay in the residual magma is
overcome. Generally the more felsic rocks such as
sphene-nepheline syenite which contain small quanti-
ties of titanium have the greatest amount of niobium.
These results are in accord with the general observa-
tion that niobium, because of its high valence, is con-
centrated in residual magmas.

Titaniferous pyroxene crystallizes very early in the
igneous rocks at Magnet Cove, but although it may con-
tain from 1 to 10 percent titanium, it does not contain
niobium in detectable amounts. Late-formed sodic
pyroxenes, however, which contain less than 1 percent
titanium have as much as 0.02 percent niobium. On
the other hand, early crystallized sphene and perovskite
contain as much as 0.7 percent niobium. Thus it is
apparent that at least 2 factors determine the distri-
bution of niobium in the rocks.

1. Niobium tends to concentrate in residual magma.

2. Availability of favorable mineral structure to ac-
commodate niobium. If perovskite or sphene crystal-
lizes even in early differentiates such as jacupirangite,
a part of the niobium will preferentially enter the struc-
ture rather than stay in residual magma. It is impor-
tant, however, that niobium substitution is not as great
in the minerals from early crystallized rocks as in the
same minerals from late formed rocks. Sphene from
sphene pyroxenite contains 0.2 percent niobium; from
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TaeLe 68—Spectrographic

Sample No. v Nb Fe Be Mg Ca Sr Ba Se Y Yb Zr Cr
3.6 0.84 0 0.00x 0.00x 0.00x n.d. 0 0 0 0 0.00x
.76 .45 0 X .00x 00x n.d 0 0 0 0 .00x
2.1 2.2 0 00x . 00X 00x .00x 0 0 0 0 . 00x
2.8 1.4 0 00x .00x 00x 00x 0 0 0 0 .00x
1.4 Ny 0 00x . 00x 0 0 0 0 0 . 000x
1.7 1.3 0 00x .00x .00x 00x 0 0 0 0 .00x
L6 .92 0 00x .00x .00x 00x 0 0 [} 0 .00x
2.3 L5 . 000x 00x . 00X .00x 00x 0 0 0 0 . 00x
2.2 .96 0 00x . 00x .00x 00x 0 0 0 0 . 00x
1.4 .78 0 00x 00X 000x 00x 0 0 0 0 .00x
2.2 2.2 0 . 00x .00x .00x .00x 0 0 0 0 .00x
3.0 1.9 0 .0x .00x . 00x . 00X 0 0 0 0 .00x
3.8 1.5 0 [111).4 .00x n.d. n.d. 0 0 0 0 .00x
2.0 .72 0 00x .00x n.d. n.d. 0 0 0 0 .00x
2.2 .4 0 00y .00x n.d. n.d. 0 0 0 0 .00x
2.2 1.1 0 .0x .0x n.d. n.d. 0 0 0 0 .0x
2.2 .66 (] 00X .00x n.d. n.d. 0 0 0 0 .00x
1.0 .92 n.d. n.d, n.d. n.d. n.d. n.d n.d n.d. n.d n.d
.22 .72 0 .00x 00x n.d. n.d. 0 0 0 0 0
1.4 .92 0 00x 00x .00x . 00x 0 1] 0 [} .00x
5.3 1.6 0 .00x .003 000x 00x [\] 0 0 0 .00x
L3 .86 . 000% .00x .00x .00x 00x 0 0 0 0 .00x
5.6 L5 0 .0x .00x . 000X .00xX [\] 0 0 0 .00x
.78 .88 0 .00x .00x . 000x .00x [\] 0 0 0 . 00X
1 .66 . 000x .00x 00x 0 nd 0 0 0 0 .0x
.90 .56 0 00x .00x 00X n.d 0 0 0 0 . 00x
1.6 11 000x 00x .00x 00X n.d 0 0 0 0 .00x
.42 .96 000x 0x .00x 000x 00x 0 0 0 .0x .0x
26 L1 000X 00x .00x 000x 00x 0 0 0 0 . 00x
11 .82 000X 00x . 00X 00x n.d. 0 0 0 (] . 00x
2.0 .78 . 000x 00x . 00X . 00x n.d 0 0 0 0 . 00x
.90 L3 0 00x .00x . 000x n.d 0 0 0 0 .00x
6.6 1.8 0 00x 00X .000x | nd .000x |0 0 0 .00x
2.8 1.8 0 00x 0x .00x 00x 0 0 0 0 .0x
2.6 1.0 0 00x 00x n.d. n.d 0 0 0 0 .00x
LS5 .20 0 00x . 00x 00x n.d. 0 0wx | 0 00x ox
LS .28 0 00x . 00X 00x n.d. 0 00x {0 00x 0x
LS5 0.08 0 0.00% 0.00x 0.00x n.d. 0 0.00x | O 0.00x | 0.0x
1.4 .18 0 00x . 00X 00x n.d. 0 .00x | O X >
1.3 .34 0 0x .X 0x n.d. 0 0x .00x Ox 0x
.8 .54 0 .0x .00x 00x n.d. 0 .00x | 0 . 00x .0x
15 A4 0 .0x .00x 00x n.d. 0 .00x | O .0x . 00X
6.0 n.d. 0 n.d. n.d. 0 0 . 0001 0 nd 0 . 0008
5.1 n.d. . 0003 n.d. n.d 0 0 . 0001 0 n.d 0 . 0008
5.6 n.d. 0 n.d. n.d [ 0 0001 0 n.d 0 0008
g. él—ﬁ. 6 g). 38-2. 2 | 0-.000x | 0.00x-.0x | 0.00x-.0X | 0-.0x 0-.00x 0-.000x | 0~ 00X | 0-.0X 0-.0x | 0-.0x
45 42 44 41 41 37 21 44 44 41 44 44

Tin probably introduced during separation with methylene iodide.
Analyst for elements V, Nb, and Fe,R. S. Harner.

Looked for but not found: B, La, Th, Ta, U, Co, Rh, Pd. Ir, Pt, Ag, Au, Zn, Cd, Hg, Ga, In, Ge, As, Sb, Bl.  n.d.=not determined.
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analyses, in percent, of rutile
Mo w Mn Ni Cu Sn Pb Analyst Description

0 0.00x | 0.00x 0 0.0x 0 0 Float. 54 sec. 17.
0 .00x | .000x 0 .0x 0 0 Float. Light colored. S¥ sec. 17.

. 00x 0 .000x 0 .00x 0 0 From feldspar vein. NW¥ sec. 17.
0 0 .000x 0 .00x 0 0 Float. NE¥ sec. 18.
0 0 . 000X 0 .00x 0 0 Float. Center of sec. 17.
(] 0 .000x [ .00x .00x 0 Float. E)4 sec. 18.
0 0 .000x 0 .00x .00x 0 0.

. 000x .0x .00x 0 .0x . 00x 0 Float. NWY sec. 17,
0 0 . 000x 0 .00x . 00x 0 Float. SWJ4 sec. 17,
0 «00X .000x 0 .00x 0 0 Float. SEM sec. 17,
0 .00x .00x 0 .00x .00X 0 Do.
0 0 .00x 0 .00x 0 Float. NEY sec. 20,
0 .00x .000x 0 .0X .00x 0 Float. Geniculated twins. NE sec. 18,
0 .00x . 000X 0 .0x .00x 0 Float. Geniculated twins, SE!4 sec. 13.
0 .00x | .00X 0 .0X .00x 0 Float. Geniculated twins. NE4 sec. 18.

.00x . 00X .0x 0 .0x 0 .00x Float. NWY sec, 17,
0 .00x .000x 0 .00x 0 0 From feldspar-carbonate vein NE} sec. 18,
n.d. n.d. n.d. n.d. n.d. n.d. n.d. Float. Light colored. 5S4 sec. 17.
0 0 .000x 0 .0x 0 Do.
0 0 . 00X 0 .0x .00x! |0 Float. NW sec. 17.
0 0 .0x 0 .0x .0xt 0 | (s [ T, Float. Cyeclic twin NE4 sec. A
0 0 . 000x 0 .0x 0 [ I A, 3 T, Float. Cyclic twin S)4 sec.
0 0 .0x 0 .0xX .0x 0 do Float. Cyclic twin NW§4 see 19.
0 0 00X 0 .0x 0 00 oo Lo 1« T, From feldspar vein. Light colored. SW sec. 1
0 0 . 00x 0 .0x 0 0 | L 1) O Frsog’%fe dsp%t-wrbonate vein. Light-colored geniculatéd twins.

sec. 18.
0 0 .000x 0 .0x 0 [ P [ [ T Float. Light-colored geniculated twins,. NW sec. 19.
0 0 .000x 0 .0x 0 0 do. Float. NWY sec. 19.
0 0 000X 0 .0x 0 00X oo {3 10 T, From feldspar vein. SE4 sec. 20.
0 0 .00x 0 .0x 0 1) G R (s 1 T, From feldspar—carbonate vein. SE¥ sec. 20.
0 .X . 000X 0 .0x 0 0 do Float. SEY sec. 20
0 .X . 000X 0 .0xX 0 0 Do.
0 0 .0x 0 .0x 0 0 From teldspar-carbonate veins, Geniculated twins. NE¥ scc. 24.
0 0 .0x 0 .0x 0 0 Float. Cyclic twin, NW4 sec. 19.
0 0 .00x 0 .0X .00x 1 .00x From feldspar vein. SE4 sec. 17
0 .00x . 000x 0 .0x 00x 0 Float. N'WY sec. 17.
0 0 .00x 0 .00x .00x 1 .00x From feldspar-carbonate vein, W14 sec. 17.
0 0 . 00X 0 .00x .00x1 |0 From teldspar—carbonate vein, SWY sec. 17.
0 0 0.0x 0 0.00x 0.00x1 |0
0 0 .00x 0 . 00X 0 From feldspar vein, Center of sec. 17.
0 0 . 00X 0 .00x .00x 1 .00x Fromtﬁldspar vein, SEY sec.17. Apparently contaminated with
apatite.

.00x 0 . 00x 0 .00x 0 0 From feldspar-carbonate vein SW sec. 8.
0 0 .00x .00x 0 0 From feldspar vein, SW4 sec. 17.
0 0 .03 .080 .016 .02 0 Float. Cyeclictwin. NW¥ sec. 19.
0 0 .02 .062 .016 .02 0 Do.
0 0 .02 . 066 016 .01 0 Do.
0~.00x 0-. X 0.000%-.0X | 0-.08 | 0.00%-.0x | 0-.0% 0-.00x
4 44 4 4 4 44 4
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AGE RELATIONS

nepheline syenite—0.7 percent niobium. Perovskite
from garnet melteigite contains 0.3 percent niobium;
from late-formed carbonatite—4 to 9 percent niobium.

Some interesting speculations can be made on the
relative ages of Magnet Cove rocks as a function of
niobium concentration in minerals. On the basis of
of niobium concentration in perovskite (table 64), the
relative age of perovskite bearing rocks would be from
oldest to youngest:

Jacupirangite—syenite—sijolite—carbonatite.

On the basis of niobium concentration in sphene, table
65, the relative age of sphene-bearing but perovskite-
free rocks would be from oldest to youngest:

[Sphene pyroxenite—sphene-nepheline syenite.
Trachyte

It seems possible that the variations in trace element
concentrations in minerals common to more than one
rock type may provide a useful guide in the interpre-
tation of relative ages of closely associated rocks. Con-
centration in minerals would be more informative than
concentration in rocks because trace element concentra-
tion is controlled not only by concentration in the
magma but by the availability of favorable host

minerals.
RADIOACTIVITY

Several small radioactivity anomalies of low intensity
occur in the Magnet Cove area. The strongest anom-
aly occurs in an irregular vein, 2 to 8 inches wide, of
earthy, fine-grained, pale greenish-yellow monazite, that
contains 0.098 percent equivalent uranium and 0.059
percent uranium; thorium was not detected by spec-
trographic analysis. Other anomalies were detected in
1954 by an Atomic Energy Commission airborne radio-
metric reconnaissance. Field check of these anomalies
by E. P. Beroni and Roger Malan showed that the high-
est radioactivity is in feldspar-rich rutile-bearing veins;
lesser amounts were found in phosphate residuum over
carbonate bodies such as the ““ tufa hills”” in secs. 19 and
20 and at Perovskite Hill.

Thorium probably is the chief radioactive component
of the veins and phosphate residuum; uranium is es-
sentially absent. One sample contained 0.14 percent
eU; none of the others contained more than 0.03 percent
eU and none of the samples contained more than 0.001
percent uranium. The thorium-bearing mineral has
not been identified as yet. Uranium analyses of vein
material are given in tables 40, 41, and 42.

Low-level uranium and thorium determinations were
made on most of the chemically analyzed rocks at
Magnet Cove (table 47). For the complex as a whole,
thorium (9 ppm average) is about 3 times as abundant
as uranium (3 ppm average). The uranium content
ranges from 2 to 7 ppm; it is highest in the late tinguaitic
dike rocks and lowest in the feldspathoidal syenites
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(2 ppm). Thorium ranges from 2.8 to 33.9 ppm; it is
highest in jacupirangite and lowest in the ijolite group
(5 ppm average). Although the analytical differences
are not great, uranium appears to be highest in the late-
formed rock whereas thorium, with the exception of veins
and weathered carbonatite, is highest in early formed
rocks.

Radioactivity in the nepheline syenite body at Potash
Sulfur Springs, about 6 miles west of Magnet Cove,
is due chiefly to uranium and its daughter products;
thorium has not been detected. Small amounts of
uranian pyrochlore (about 3 percent equivalent ura-
nium) were found in one sample, as tiny, honey-yellow
octahedrons; it is isotropic, index > 2.00, specific
gravity > 3.95. A black mineral in the same gravity
fraction gives an X-ray pattern of rutile. The rutile
probably also contains Nb.

AGE RELATIONS OF THE ROCKS

The age relations of the rocks at Magnet Cove can
not be clearly established from the geologic mapping.
Rock outcrops are scarce and deeply weathered. Only
a few well-exposed contacts between the various rocks
can be seen. However, the available field evidence
together with our interpretation of a great amount of
chemical work on the rock and minerals suggests the
following sequence from oldest to youngest: (1) phono-
lite and trachyte; (2) jacupirangite; (3) alkalic syenites;
(4) ijolite; (5) carbonatite, minor dike rocks and veins.

Field evidence

5. Minor dike rocks, and carbonatite, and veins.
The pegmatite, tinguaite, melagabbro and re-
lated dike rocks cut all the major rock types.
Carbonatite intrudes ijolite and contains large
inclusions of ijolite.

4. Tjolite. No good exposure of the contact of the
large mass of ijolite in the center of the igneous
complex with adjacent rocks was found. How-
ever, in the northeast part of sec. 29 on the
valley floor of Stone Quarry Creek, the garnet-
pseudoleucite syenite is cut by a fine-grained
ijolite dike (I—89), about 4 inches wide which
strikes N. 50° W. and dips 85° SW. About
450 feet downstream from I-89 the garnet-
pseudoleucite syenite is cut by a fine-grained
ijolite porphyry dike (MC-145). This vertical
dike (up to 16 inches wide) strikes N. 85° W.
In the northeast part of sec. 18, a vertical,
fine-grained ijolite dike (MC-85) about 4 feet
wide strikes N. 55° W. in cutting the garnet-
nepheline syenite. In the western part of sec.
17, another vertical, fine-grained ijolite dike
(M(C-91) about 10 inches wide strikes N. 80° E.



and cuts the garnet-nepheline syenite. Thus
at least part of the ijolite is younger than the
garnet-pseudoleucite syenite and garnet-nephe-
line syenite.

Field evidence to suggest that ijolite is older than
garnet-pseudoleucite syenite can be found in the face
of the Diamond Jo quarry, where rocks that have an
ijolitic composition but different physical appearance
than the main mass of ijolite occur as large inclusions
in garnet-pseudoleucite syenite. Inasmuch as these
inclusions do not look like the typical ijolite and were
observed only in the quarry more than one-half mile
from the main ijolite mass, they are of little help in
determining the age relation of the principal bodies of
ijolite and garnet-pseudoleucite syenite.

In the northwestern part of sec. 19 a piece of float,
MC-179, was found showing a contact between altered
phonolite and fine-grained ijolite. A chilled border in
the ijolite at the contact indicates that the fine-grained
ijolite is younger than the altered phonolite.

In the north-central part of sec. 29, a fine-grained
ijolite dike, I-103, cuts the undivided trachyte. The
dike is about 3 feet wide and strikes N. 25° W. and
dips 75° NE.

3. Alkalic syenites. The alkalic syenites (sphene-
nepheline syenite, garnet-pseudoleucite syenite
and garnet-nepheline syenite) form the outer
ring dike of the Magnet Cove complex and
probably were all emplaced about the same time.
The writers’ prejudice is that sphene-nepheline
syenite is slightly older than the other syenites.

In the western part of sec. 18, about 200 feet upstream
from sample locality MC-114, the garnet-pseudo-
leucite syenite has a fine-grained chilled border in
contact with the altered phonolite, and is thus inter-
preted to be younger than the altered phonolite.
Swarms of sphene-nepheline syenite dikes ranging from
1 inch to 3 feet in width cut jacupirangite along Cove
Creek in sec. 17 and thus are younger than jacu-
pirangite.

2. Jacupirangite. Jacupirangite is older than sphene-
nepheline syenite and ijolite as pointed out in
no. 3 above. Its age relation to the phonolite-
trachyte rocks of the intermediate ring is
unknown because these rocks do not have
mutual contacts.

1. Phonolite and trachyte is older than garnet-
pseudoleucite syenite (no. 3 above) and ijolite
(no. 4 above).

Geochemical evidence

The above age sequence of the Magnet Cove rocks is
about the same sequence that would be shown if the
rocks were placed in order of decreasing silica and
increasing dominance of the undersaturated minerals.

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

This general plan of gradual desilication of the rock
suite from oldest to youngest has been noted by
Backlund (see discussion p. 87). The distribution of
niobium in the rocks also shows this same age sequence
if we assume that niobium tends to concentrate in
residual magmas (see discussion p. 83). If the rocks
are arranged in order of increasing niobium content in
perovskite separated from these rocks, the sequence is:

Jacupirangite—ssyenite—ijolite—>carbonatite

On the basis of niobium content of sphene from
sphene-bearing but perovskite-free rocks, the sequence
is:

Phonolite-trachyte—syenite

Although neither the field evidence or geochemical
evidence is conclusive, they mutually support each

other.
ORIGIN

The origin of the igneous rocks at Magnet Cove is a
part of the general problem of the origin of strongly
alkaline undersaturated rocks. The origin of similar
rocks in other parts of the world has been ascribed to
various processes which include: (1) modification (desil-
ication) of granitic magma by assimilation of limestone
(Daly, 1910, 1918; Shand, 1945); (2) metasomatism of
wall rocks, particularly migmatites, by carbonate magma,
(von Eckermann, 1948); (3) modification of granitic
magmas by a “‘streaming of gases” rich in alkali (Smyth,
1913, 1927); (4) derivation from deep-seated fusion of a
limy shale—evaporite sequence (Jensen, 1908); (5) dif-
ferentiation of peridotite magma (Holmes, 1932, Holmes
and Harwood, 1932, Strauss and Truter, 1951); (6)
fractional crystallization of primary olivine basalt
magma (Kennedy, 1933; Barth, 1936).

The writers believe that the Magnet Cove complex of
alkalic igneous rocks was derived by differentiation and
fractional crystallization of a residual melanocratic
phonolite magma rich in alkali, lime, and volatiles.
The high concentration of volatiles is believed to be of
great importance in the development of the many varie-
ties of unusual rock types—jacupirangite, ijolite, car-
bonatite, etc. This residual magma is believed to have
been derived by fractional crystallization from aregional
undersaturated olivine basalt magma.

Processes involving assimilation, metasomatism, or
fusion may occur but they are not a necessary condition
for generation of the Magnet Cove magma.

Facts that apply to alkalic undersaturated rocks in
general are summarized by Turner and Verhoogen
(1951):

1. “Magmas of nepheline syenite composition, though
not uncommon, typically develop in volumes very much



ORIGIN

smaller than is the case with basaltic and granitic
magmas.”

2. “Nepheline syenite magmas belong to the low tem-
perature end of the evolutionary series, for in their high con-
.tent of alkalies, low combined CaO, MgO and FeO, and
high FeO/MgO ratio, nepheline syenites resemble both
granites and the low-temperature residues of fractional
crystallization recorded in laboratory investigations of
silicate melts.”

3. “The high content of volatile elements (P, F, Cl)
and of Zr, Ti, Nb, Ta, and rare earth metals in many
nepheline syenites suggests analogy with pegmatites.”’

From these observations comes the obvious conclu-
sion:

Nepheline syenite magmas are residual magmas—or
as stated by Turner and Verhoogen * * * ‘“end fractions
of the processes of fusion or differentiation by which
magmas are generated.”

The question follows: residual magmas of what parent (?)
Holmes (1932) has suggested that alkali rocks are
derived from parental peridotite magma by crystalliza-
tion differentiation—abstraction of olivine, enstatite,
and diopside. The geochemical similarities of kimber-
lite and ijolite are pointed out by Holmes as indicating
a common peridotite parent. Strauss and Truter (1951)
tentatively adopted Holmes’ hypothesis for the origin
of the alkali complex at Spitzkop in the Eastern Trans-
vaal. They further point out from their review of the
literature that this hypothesis finds ample support in the
association of alkali rock with ultrabasic types at the
Premier mine, Transvaal; Magnet Heights, Transvaal;
Eastern Uganda; Southern Rhodesia; and Nyasaland.

Moor (1957) believes that alkalic basalt dikes
from the northern margin of the Siberian platform
are closely related to ouachitites and alnoites, and
that there is a possible genetic connection between
the alkalic and ultrabasic complexes and the flood
basalts. Alkalic and ultrabasic rocks were formed
from those portions of magma which because of depth
of the chamber, richness in volatile constituents,
assimilation, etc., have undergone a great deal of
differentiation; whereas the common flood basalts
came from shallower parts of the magmatic cham-
ber from a magma relatively poor in volatile con-
stituents.

The case for an olivine basalt parental magma
receives support from several workers who have demon-
strated in the field that undersaturated feldspathoidal
rocks are characteristic of olivine basalt associations.
Barth (1936) has shown that differentiation of an
undersaturated olivine basalt magma will produce an
undersaturated residual liquid; further he has shown
that an approximately saturated parent magma can
produce either a phonolitic or rhyolitic residue de-
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pending upon the extent of fractionation of early-
formed olivine and pyroxene. Thus only a very
slight change in the original composition of olivine
basalt magma can produce widely divergent end
fractions. Kennedy (1933) believes that wunder-
saturation in parental basalt persists into the end
fraction. The initially low silica content is used up
in the formation of olivine and pyroxene, so that while
alkalies and alumina are increasing, silica barely
manages to hold its own and even may decrease slightly
in the end fraction from its original concentration
in the olivine basalt magma.

Turner and Verhoogen (1951, p. 340) have concluded
that
the normal course of evolution of undersaturated olivine-basalt
magms commonly leads to development of a small proportion
of alkaline magma which would crystallize under plutonic
conditions as nepheline syenite. This can occur in an oceanic
environment where, so far as we know, neither granite, limestone,
nor any rock other than basalt is available for reaction with the
evolving magma. The most likely mechanism is one of fractional
crystallization accompanied, and perhaps modified, in the final
stages by high concentration of volatiles.

How does the alkalic complex at Magnet Cove fit
into this picture? Can any association with olivine
basalt rock be demonstrated? The answer is an
emphatic “yes.” The Magnet Cove complex is not
an isolated geologic curiosity but only a small part of
a regional belt of strongly alkaline undersaturated
rocks. This belt of igneous rocks of similar chemical
composition and of similar age extends in an arc from
West Texas to Central Mississippi and, as previously
noted by Miser (1934), fall within or near the bound-
aries of the old Ouachita geosyncline (pl. 2). This
Paleozoic structure provided zones of structural weak-
ness for the intrusive and extrusive rocks.

Undersaturated rocks, many of them strongly alkalic,
have been found during deep drilling in the search for
oil and gas in the northern Gulf Coastal Plain (Moody,
1949). These rock types include peridotite, olivine
basalt, nepheline syenite, phonolite, tinguaite, monchi-
quite, fourchite, and much alkalic and basaltic pyro-
clastics. Moody reports that
virtually every well in western Mississippi and in eastern
Louisiana which has been drilled through the Upper Cretaceous
section has pierced beds which are in part, at least, composed
of fragmental igneous rocks produced as lapilli or ash in the
throats of voleanoes which dotted the late Mesozoic landscape.

Lonsdale (1927) described the igneous rocks of the
Balcones fault region, Texas, which consist of peridotite,
limburgite, olivine basalt, nepheline basalt, nepheline-
melilite basalt and phonolite. The age of the alkaline
rocks is Crataceous(?) and early Tertiary

Closer to Magnet Cove pulaskite and fourchite occur
to the northeast and peridotite to the southwest.
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FIGURE 10.—Variation diagram showing composition of material (4) subtracted
from an olivine basalt to produce magma of the weighted-average composition
of the Magnet Cove complex.

We conclude that the regional magma generated in
the Ouachita geosyncline was an undersaturated olivine
basalt, and further, that fractionation of this magma
produced peridotite and other ultrabasic rock on the
one hand, and a highly alkaline undersaturated phono-
litic end fraction on the other. Lonsdale (1927) con-
cluded that the parent magma in the Balcones fault

ALKALIC IGNEOUS COMPLEX AT MAGNET COVE, ARK.

region was olivine basalt. Moody (1949) councluded
that two different magmas appeared in the northern
Gulf Coastal plain. The earlier was pre-Cretaceous
basalt and the later was alkaline and basaltic and both
reached to the surface in certain areas and gave rise to
volcanic activity.

With this regional picture in mind we can now discuss
the Magnet Cove igneous complex as a residual magma
derived from a parental regional undersaturated oli-
vine basalt.

The weighted average composition of the Magnet
Cove igneous complex, table 46, is best described as
that of a melanocratic phonolite. The graph (fig. 10)
shows that a residual magma of this composition can
be obtained by subtraction of 70 parts of an olivine
melagabbro from 100 parts of parental olivine basalt.
The parental olivine basalt used in these calculations is
the average of four chemical analyses of olivine basalt
given by Lonsdale (1927) for the Balcones fault region—
a part of our regional belt of undersaturated rocks.
Unfortunately these analyses did not include CO,, F, Cl,
and minor element concentrations. As may be seen
from the graph (fig. 10) the composition of the sub-
tracted olivine melagabbro (or material A) is very
similar to the parent olivine basalt. MgO and CaO are
slightly higher; Al,O;, Na,O. and KO, are slightly
lower. Thus the subtracted magma seems to have a
very reasonable and predictable composition; no unique
or unusual crystal separation need be made. Nepheline
in the norm indicates that the parental olivine basalt
is undersaturated and that differentiation of this under-
saturated parental magma would produce a highly
alkalic, silica-deficient end fraction even without crystal
fractionation. Note that the end fraction would also
be rich in titanium and phosphate.

As previously pointed out, no data were available for
volatile and minor element content of the parent olivine

Chemical analyses

End fraction
Porent A (material  Magnet Cove
olivine basalt subtracted) composition
47.88 48.88 46. 69
14. 66 13.77 18.28
2.51 2.16 3.88
9.24 10. 63 4.37
6.96 7.58 2.56
12.60 13.22 10. 64
3.03 2.09 6.54
.99 .00 4,60
1.54 1.49 1.83
.59 .58 .62
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basalt. However, a perovskite concentrate from the
peridotite near Murfreesboro, Ark., contained 2.5 per-
cent columbium. Perovskite and sphene also occur in
the basalts and nepheline basalts in the Balcones fault
region of Texas (Lonsdale, 1927). Rankama and
Sahama (1950) note that “remarkably much columbium
is present in ultrabasic rocks.” Carbon dioxide, water,
and sulfur are common emanations from volcanic vents.
Thus, it would appear the parental olivine basalt does
contain all the essential typical elements of Magnet
Cove rocks—Ti, P, Nb, CO,;, and S in particular.

We have now derived our Magnet Cove magma.
The next question: how were the widely divergent rock
types formed from this magma and in what sequence of
intrusion?

Williams (1891) concluded the complex is the result
of a series of intrusions: (1) ijolite, (2) lamprophyres,
and (3) syenites. Washington (1900) concluded the
complex is the result of a laccolith differentiated in
place. Landes (1931) concluded the complex is the
result of two injections: (1) ijolite as a stock differentiated
in place with the carbonatite as an included block, and
(2) syenites differentiated in place from a later intrusion
of an acidic differentiate of the main magma. Wash-
ington and Landes followed Williams’ terminology in
calling the phonolite-trachyte ring metamorphosed
sediments.

The present writers conclude that the Magnet Cove
alkalic igneous complex is a series of ring dikes, intruded
at different times with varying degrees of differentiation
during individual intrusion phases. This conclusion is
based upon the arcuate dike shape of the exposed rocks,
the sequence of intrusion, the chemical relationships of
the rocks, and striking similarity to ring complexes in
other parts of the world (for details, see section on
“Structure’’).

The sequence of intrusion is interpreted as: (1) trach-
yte-phonolite and breccia of the intermediate ring, (2)
jacupirangite, (3) feldspathoidal syenites of the outer
ring, (4) ijolite forming the central core, (5) carbonatite,
pegmatite, tinguaite and similar late dike rocks. Back-
lund (1933), in his excellent review of the common de-
nominators of alkalic rocks throughout the world, noted
that
the common principle governing the distribution of rocks seems
to point to a gradual desilication of the rock suite from the wall
inward and from the top downward: the core thus represents the
most perfect grade of desilication.

Further he concludes that the

general plan of rock sequence is that of increasing dominance of
the undersaturated mineral association within the whole rock
series, the most pronounced undersaturation being shown by the
latest ones. This undersaturation proceeds step by step towards
complete desilication of the rock suite, the carbonatic (Alno, Fen,
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Spitzkop), apatitic (Umptek, Palaboro, Spitzkop, Alno) and
iron-ore (Spitzkop, Alno, Fen) rocks being in each case the last
more or less independent member of a complete alkali suite.

The Magnet Cove rock suite closely fits this pattern
of increasing undersaturation from the walls inward:
syenites, phonolite, and trachyte in the outer and inter-
mediate rings; ijolite core and almost complete desilica-
tion in very late carbonatite, apatite, and magnetite
concentrations in the central part of the core.

Backlund (1933) points out that although there exists
a certain sequence of more or less independent magmatic
intrusions, no real time distinction can be made between
the different rock groups. This problem is further com-
plicated at Magnet Cove because of deep weathering
and poor rock exposures. However, the phonolite-
trachyte breccia of the intermediate ring gives sufficient
evidence to indicate its early role in the sequence of
intrusion at Magnet Cove. Further, we believe that
the ring fracture occupied by these fine-grained rocks
reached the surface and gave rise to explosive volcanic
activity at Magnet Cove. This early period of ex-
plosive volcanic activity is suggested by the abundance
of volatiles particularly CO;, the presence of miarolitic
cavities and amygdaloidal textures, and the absence of
recognizable syenites or ijolite inclusions in the breccia.
The chemical composition of the phonolites and breccia
most closely approach the average composition of the
igneous rocks (fig. 9)—a condition to be expected if
this material was the first liquid to be suddenly released
from the magma reservoir and extruded. That part
of the magma trapped in the conduit at the end of
explosive periods would react with CO,, H,0, and S to
produce the altered phonolite. Most of the breccia
pieces have the same composition as the groundmass
which suggests repeated movement in the early ring
fracture zone and repeated injections of heavily gas
charged magma into this fracture zone.

About 29 percent of the igneous rocks were emplaced
during this period, assuming that the area exposed is
proportional to volume. Line B on fig. 11 shows the
composition of the remaining magma after removal of
the phonolite-trachyte to form the intermediate ring.
Note that the remaining magma has not changed ap-
preciably; SiO, and Al,O; have depressed slightly and
Ca0 and Fe,0; have been increased. Further, note
that throughout the diagram, the composition changes
in the magma are much less severe than the composition
changes in rocks formed from the magma.

The second recognizable period of intrusive activity
was the emplacement of jacupirangite which comprises
about 10 percent of the exposed igneous rocks. It is
cut by swarms of narrow nepheline-syenite dikes and is,
therefore, interpreted as older than the outer ring of
feldspathoidal syenites. However, its appearance at
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this stage was probably accidental. The field evidence
suggests that crystallization in the now slower cooling
magma follows the agpaitic series of Ussing (1911)—
early crystallization of feldspars and nepheline which
because of their lower specific gravity than the residual
liquids, are forced to rise. The mafic residue and
volatile constituents accumulate downward. Backlund
(1933) suggested that “agpaitic differentiation leads
to decreasing viscosity of the cooling magma’ whereas
in the commoner granodioritic differentiation, increas-
ing viscosity of the residual liquid is effected by the
loss of volatiles that together with the more acid com-
ponents have accumulated in the top portion of the
the magma chamber.

In some exposures of garnet-pseudoleucite syenites,
euhedral pseudoleucite phenocrysts are concentrated in
a fine-grained groundmass; these crystals persist even
in chilled border phases of the syenite. This suggests
that pseudoleucite (nepheline and sodic orthoclase)
formed early and were rising and collecting in the
magma (agpaitic differentiation). Ijolite and mel-
teigite segregations and inclusions in the same rock,
however, were probably crystallizing and sinking and
were carried along in the rising current of magma,
when it was intruded. It seems probable then, that
the lower part of the reservoir may have been tapped
by fractures so that a part of the downward accumu-
lating gas-charged mafic residue, with its pyroxene and
magnetite crystals, streamed up the fractures and was
emplaced as satellite bodies of jacupirangite. Line C
of figure 11 shows the composition of the residual
magma after removal of jacupirangite. As expected,
Si0s, Al:O, and alkalies have increased slightly, and
Ca0, FeO, and MgO have decreased.

Emplacement of the feldspathoidal syenites of the
outer ring, chiefly sphene-nepheline syenite and garnet-
pseudoleucite syenite, formed the third period of intru-
sive activity. The ‘“agpaitic” series is particularly
well-demonstrated during this period. The lighter
magma at the top of the magma reservoir with its
early crystallized feldspar and nepheline is tapped by
fractures and this magma rises to form the outer,
almost complete ring dike of feldspathoidal syenites.
About 30 percent of the rocks were emplaced during
this period. The residual magma is now largely mafic
but with ever increasing amounts of volatile constit-
uents, P, Ti, Fe™, Zr, and rare earths. SiO, and
Al,O; have been depressed; CaO increases sharply; and
the alkalies show minor change. The stage is now set
for intrusion of most of the remaining magma as
ijolite. The magma has been so desilicated that al-
though the alkali content is high, not enough silica is
present to form feldspar—only nepheline can crystallize.
The pyroxene is now almost pure diopside; excess Fe,

Parent ofivine basalt
Weighted average
composition-Magnet Cove rocks

hy

ljolite

8 R & B
\
\,
\,
\
\
\—,_,Q-
- @
~. & .9
\\\\
I/ //

W W P
o 0 O
T T

OXIDES, IN PERCENT

T
A
/

H / N
I P05 Ti0, A -1
e
X e :______\_»QL?_E

100 70 60 29 9
VOLUME OF RESIDUAL MAGMA, IN PERCENT
A

FIGURE 11,—Variation diagram showing composi-
tion of rocks (dashed line) and residual magmas
(solid line) for main periods of intrusion,



ORIGIN

Ti, and Ca must be used in the very low silica garnet;
excess K;O forms the silica-poor biotite. Effects of
the high volatile content appear in the primary alter-
ation of nepleline to cancrinite and sodalite. Much
of the rock unit is pegmatitic and monomineralic segre-
gations are common. Large masses of garnet, nephe-
line, magnetite, biotite (phlogopite) attest to the
importance of the gas phase in prolonging fluidity of
the magma and permitting development of giant
crystals. Niobium content of perovskite crystals in-
creases; beryllium concentrates in the zeolites. Thus
the chemical analyses of the ijolites show a wide
compositional range and a consequent wide scattering
of points on any variation diagram.

The composition of the remaining end fraction (9
parts of the original 100, line E, fig. 11) appears unique.
SiO, has increased again but CaO and CO, show very
marked concentration and Al,O; a very marked de-
crease. In this highly volatile end fraction, the elements
are relatively free to move about and form even
stronger monomineralic segregations than in the ijolite;
this is the period of late magmatic, pneumatolytic and
hydrothermal activity. Most of the alkali combines
with remaining silica and alumina to form pegmatites
rich in K-feldspar, nepheline, and giant aegirine crys-
tals. Zirconium concentration is now great enough to
form eudialyte. The CaO combines with PO, to make
abundant apatite, with Ti to make perovskite, and with
silica to make monticellite. Finally the CaO still in ex-
cess combines with CO, to form crystalline carbonatite
bodies. Niobium concentrates in the perovskite up to
9 percent; rare earths and fluorine are concentrated in
the apatite, zirconium forms kimzeyite and iron forms
euhedral magnetite crystals. Probably much of the
titanium and niobium is transported in the gas phase
(fluorides?) or as hydrothermal solutions to form
niobium-bearing rutile and brookite veins. Perhaps
even small amounts of silica are transported in the
gas phases to form the very rare occurrences of quartz-
bearing veins.

We have now completed our picture of the petro-
genesis at Magnet Cove. The derivation of rock types
has no doubt been oversimplified. We stress the effect
of gaseous phases without benefit of much supporting
laboratory experimental data but certainly complex
mineral assemblages may be expected to form in the
presence of magmatic gases—particularly in an alkali-
rich, undersaturated magma.

ECONOMIC GEOLOGY

Potentially commercial deposits of titanium, nio-
bium, molybdenum, phosphate, agricultural lime, and
iron ore occur in the igneous complex at Magnet Cove.
The titanium deposits have been known for many
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years and through 1944, more than 5,000 tons of rutile
(TiO,) concentrate had been produced from the rutile
pits in sec. 18. No production lias come from the
brookite (Ti0,) deposits in recrystallized novaculite
along the northeast border of the complex. Detailed
descriptions, and economic considerations of the tita-
nium deposits have been given by Fryklund and Hol-
brook (1950).

Because of the association of niobium with titanium
minerals, the U.S. Geological Survey in 1952 studied,
sampled, and in part mapped the rutile, brookite, and
perovskite (CaTiO;) areas at Magnet Cove (Fryklund
and others, 1954). Table 71 reproduced from the
report of Fryklund and others summarizes the work
of the U.S. Bureau of Mines, Fryklund and Holbrook
(1950), and the U.S. Geological Survey.

Nieberlein and others (1954) reported that

the ore reserves in the three columbium-bearing titania deposits
investigated by the Bureau of Mines (Magnet Cove Titanium
Corp. property, Christy brookite deposit, Hardy-Walsh property)
are estimated to be at least 8 million tons containing 4 to 8 per-
cent TiO, and 0.05 to 0.15 percent Cb. The columbium con-
tent of these reserves is estimated to be 12 million pounds.

TaBLe 71.—Summary of analyiical data from the principal
titanium deposits at Magnet Cove, Ark.

[Data from Fryklund, Harner, and Kaiser, 1954, p. 49, table 10]

Estimated average | Estimated average
recoverable grade | grade of titanium
Mineral of | of known material concentrates
Locality possible (percent) (percent)
value
TiOs| Nb | V:05] TiOs| Nb | V305
Magnet Cove Titanium | Rutile_______ 3 0.04 { 0.09 92| L2 0.5
Corp. property. .
Christy property.--_---..- Brookite_.._| 5.9 071 .3 92| 2 5
Kilpatrick (I}Iardy-Walsh) ceeendooo___| 5.9 06| .21 92| 2 5(2
mq?iegy' ty Ratil
0- orp. property..... utile [ e e m e | ek
) 0 1o Perovskite_.[....__ P12 20 SO ISP -
Kimzey calcite quarryarea_{..._.do_ ... .20 | .01 [ccooo_fmmeos [ T PO

Milling tests on rutile and brookite ore from Magnet
Cove have produced high-grade concentrates of about
92 percent TiO; but have given low overall titania
recovery, due largely to the occurrence of TiO, in
several unrecovered minerals such as ilmenite, leucoxene
and silicates. Fryklund, Harner, and Kaiser (1954)
point out, however, that ‘it is probable that processes
for making metallic titanium from the rutile and
brookite concentrates will allow separation and recovery
of niobium and vanadium.”

There has been no production of molybdenite ore
from Magnet Cove.

Holbrook (1948) has described a small molybdenite
vein deposit (Mo-Ti prospect) in fractured jacupirang-
ite in the NW1/4 sec. 17. He states that the veins
range in thickness from less than % inch to 5 feet,
trend northwest, dip sharply northeast, and have
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a total strike length of about 400 feet. The most
significant concentration of molybdenite is in an area
about 225 feet long and from 10 to 35 feet wide. No
tonnage estimates were made because of the unreli-
ability of samples obtained by diamond drilling.

Other small molybdenite-bearing veins occur in the
floor of the carbonatite quarry (NW1/4 sec. 19), in a
stock pond in the western part of sec. 20, and with
rutile veins about 500 feet south of the Mo-Ti prospect
in sec. 17.

Weathering of the carbonatite produces a phosphate-
rich residual material with a rare-earth content near
1 percent. Standard phosphate analyses (table 24)
show that the grade is adequate for commercial phos-
phate. These residual phosphate areas are shown on
the geologic map, but more drilling and sampling must
be done to determine the size of the deposit. The
parent carbonatite also offers possibilities for produc-
tion of agricultural lime. Niobium-rich (4 to 8
percent) perovskite crystals in the carbonatite might
be recovered as a byproduct.

Magnetite has been mined sporadically from the
Kimzey magnetite pit in the NW1/4 sec. 20. It occurs
as irregular rounded masses up to 1 foot across, some
alined like beads on a string, in an idocrase-diopside
matrix. No data are available on past production or
estimated reserves. Geologic mapping and the aerial
magnetometer survey, however, do not suggest an ex-
tensive magnetite ore body.

Low-grade uranium-bearing material and zeolite
(thomsonite) with as much as 0.02 percent beryllium
have been found but not in potentially commericial
amounts.
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